I^Bl  /  WHO) 


Woods 


M*rb,e  Bfoloeic, 


:**  U 


MA 


/n 


""■■'  '-''Jivafory 
OoBanographJc 
[tftution 


JOURNAL  OF  SHELLFISH  RESEARCH 


VOLUME  17,  NUMBER  1 


JUNE  1998 


The  Journal  of  Shellfish  Research  (formerly  Proceedings  of  the 

National  Shellfisheries  Association )  is  the  official  publication 

of  the  National  Shellfisheries  Association 

Editor 

Dr.  Sandra  E.  Shumway 

Natural  Science  Division 

Southampton  College,  Long  Island  University 

Southampton,  NY  11968 


Dr.  Standish  K.  Allen,  Jr.  (1998) 
School  of  Marine  Science 
Virginia  Institute  of  Marine  Science 
Gloucester  Point,  VA  23062-1 1346 

Dr.  Peter  Beninger  (1999) 

Laboratoire  de  Biologie  Marine 

Faculte  des  Sciences 

Universite  de  Nantes 

BP  92208 

44322  Nantes  Cedex  3 

France 

Dr.  Andrew  Boghen  (1999) 
Department  of  Biology 
University  of  Moncton 
Moncton,  New  Brunswick 
Canada  El  A  3E9 

Dr.  Neil  Bourne  (1999) 
Fisheries  and  Oceans 
Pacific  Biological  Station 
Nanaimo,  British  Columbia 
Canada  V9R  5K6 

Dr.  Andrew  Brand  (1999) 
University  of  Liverpool 
Marine  Biological  Station 
Port  Erin,  Isle  of  Man 

Dr.  Eugene  Burreson  (1999) 
Virginia  Institute  of  Marine  Science 
Gloucester  Point,  Virginia  23062 

Dr.  Peter  Cook  (1998) 
Department  of  Zoology 
University  of  Cape  Town 
Rondebosch  7700 
Cape  Town,  South  Africa 


EDITORIAL  BOARD 

Dr.  Simon  Cragg  (1998) 
Institute  of  Marine  Sciences 
University  of  Portsmouth 
Ferry  Road 
Portsmouth  P04  9LY 
United  Kingdom 

Dr.  Leroy  Creswell  (1999) 
Harbor  Branch  Oceanographic 

Institute 
US  Highway  1  North 
Fort  Pierce,  Florida  34946 

Dr.  Lou  D'Abramo  (1998) 
Mississippi  State  University 
Dept  of  Wildlife  and  Fisheries 
Box  9690 
Mississippi  State,  Mississippi  39762 

Dr.  Ralph  Elston  (1999) 
Battelle  Northwest 
Marine  Sciences  Laboratory 
439  West  Sequim  Bay  Road 
Sequim,  Washington  98382 

Dr.  Susan  Ford  (1998) 

Rutgers  University 

Haskin  Laboratory  for  Shellfish 

Research 
P.O.  Box  687 
Port  Norris,  New  Jersey  08349 

Dr.  Raymond  Grizzle  (1999) 
Randall  Environmental  Studies  Center 
Taylor  University 
Upland,  Indiana  46989 

Dr.  Robert  E.  Hillman  (1998) 

Battelle  Ocean  Sciences 

New  England  Marine  Research 

Laboratory 
Duxbury,  Massachusetts  02332 


Dr.  Mark  Luckenbach  (1999) 
Virginia  Institute  of  Marine  Science 
Wachapreague,  Virginia  23480 

Dr.  Bruce  MacDonald  (1997) 
Department  of  Biology 
University  of  New  Brunswick 
P.O.  Box  5050 
Saint  John,  New  Brunswick 
Canada  E2L  4L5 

Dr.  Roger  Mann  (1998) 

Virginia  Institute  of  Marine  Science 

Gloucester  Point,  Virginia  23062 

Dr.  Islay  D.  Marsden  (1998) 
Department  of  Zoology 
Canterbury  University 
Christchurch,  New  Zealand 

Dr.  Kennedy  Paynter  (1998) 

1200  Zoology 

Psychology  Building 

College  Park,  Maryland  20742-4415 

Dr.  Michael  A.  Rice  (1998) 
Dept.  of  Fisheries,  Animal  & 

Veterinary  Science 
The  University  of  Rhode  Island 
Kingston.  Rhode  Island  02881 

Dr.  Tom  Soniat  (1998) 
Biology  Department 
Nicholls  State  University 
Thibodaux,  Louisiana  70310 

Susan  Waddy  (1998) 
Biological  Station 
St.  Andrews,  New  Brunswick 
Canada,  EOG  2X0 

Dr.  Gary  Wikfors  (1998) 

NOAA/NMFS 

Rogers  Avenue 

Milford,  Connecticut  06460 


Journal  of  Shellfish  Research 

Volume  17,  Number  1 

ISSN:  00775711 

June  1998 


JcniriHil  of  Slu'llfish  Keseanh.  Vol.  17,  No.  I.  1-2,  1998. 

SHELLFISH  MARICULTURE  IN  THE  BENGUELA  SYSTEM: 


Results  of  a  Cooperative  Project  To  Determine  Carrying  Capacity  of  Saldanha  Bay 

Mussel  Culture 


SPONSORED  BY 

SEA  FISHERIES  RESEARCH  INSTITUTE 

RHODES  UNIVERSITY 

UNIVERSITY  OF  CAPE  TOWN 

EDITED  BY 

PETER  COOK 

Zoology  Department 
University  of  Cape  Town 
Rondebosch.  South  Africa 


SHELLFISH  MARICULTURE  IN  THE  BENGUELA  SYSTEM 


PETER  COOK'  AND  JON  GRANT" 

'  Zoology  Department 
University  of  Cape  Town 
Rondebosch  7700,  South  Africa 

'Department  of  Oceanography 
Dalhousie  University 
Halifax.  Nova  Scotia.  Canada 


Although  traditional  fisheries  decline  through  overharvesting 
and  environmental  degradation,  bivalve  aquaeulture  continues  to 
grow  worldwide.  In  most  countries,  access  to  suitable  sheltered 
water  sites  is  a  major  limiting  factor  to  the  growth  of  aquaculture, 
there  being  intense  competition  for  the  use  of  such  sites  for  rec- 
reational or  industrial  purposes,  hi  addition,  bivalve  aquaculture 
carries  with  it  an  inherent  financial  risk,  and  a  pressing  need  exists, 
therefore,  for  management  of  shellfish  aquaculture  through  pre- 
dictive modeling.  It  is  clear  from  current  research  in  this  area  that 
bivalve  aquaculture  represents  a  manipulated  oceanographic  sys- 
tem, designed  to  achieve  optimal  transfer  of  primary  production 
(largely  phytoplankton)  to  shellfish  production.  Because  food  de- 
livery to  suspension  feeders  is  so  dependent  on  water  movement, 
understanding  the  interaction  between  physical  oceanography  and 
biological  processes  is  central  to  the  success  of  management  models. 

The  following  five  articles  deal  with  these  aspects  in  relation  to 
the  management  of  mus.sel  culture  in  Saldanha  Bay,  South  Africa, 
one  of  the  largest  embayments  on  the  country's  West  Coast,  and 
the  most  important  mariculture  site  in  the  country.  There  are  few 
protected  bays  on  the  South  African  coastline,  and  it  is  not  sur- 
prising, therefore,  that  Saldanha  is  a  multiple-use  bay,  providing 
for  recreation,  tourism,  fishing,  fish  processing,  ore  transport,  and 
aquaculture.  This  multiple  use  requires  optimal  provision  of  water 
access  and  preservation  of  water  quality. 

Saldanha  Bay  is  highly  valued  as  an  aquaculture  site  for  the 
mussel  Mytilus  galloproviiicialis.  The  Benguela  upwelling  system 
fuels  rich  primary  production  in  the  bay,  which  allows  growout  of 
mussels  in  less  than  I  year.  Upwelling  coasts  are  well  known  for 
their  productive  shellfish  culture,  the  Spanish  rias  being  a  prime 
example.  Worldwide  experience  has  shown,  however,  that  over- 
stocking of  bays  with  cultured  bivalves  can  lead  to  reduced  growth 
rate,  increased  mortality,  and  negative  effects  from  biodeposition. 
As  greater  demands  are  placed  on  Saldanha  Bay  for  increased 
access  to  mussel  culture  sites,  it  will  become  increasingly  impor- 
tant to  predict  what  effects  this  could  have.  As  the  lead  agency 
respon.sible  for  regulation  of  culture  in  ihe  bay.  the  Sea  Fisheries 


Research  Institute  (SFRI)  sought  to  determine  the  mussel  culture 
density  that  could  be  sustained  by  new  primary  production  in 
Saldanha  Bay. 

In  order  to  more  fully  understand  the  Saldanha  Bay  ecosystem 
and  its  relationship  to  physical  forcing  from  the  shelf,  an  extensive 
study  was  undertaken  by  SFRI  in  collaboration  with  Rhodes  Uni- 
versity and  the  University  of  Cape  Town.  An  instrumented  buoy 
was  placed  into  the  culture  area  in  the  inner  part  of  the  bay,  and 
this  was  supplemented  by  baywide  water  samples  and  other  hy- 
drographic  and  biological  measurements,  carried  out  on  the  scale 
of  the  whole  bay.  individual  farms,  and  individual  mussel  rafts. 

In  the  articles  that  follow.  Monteiro  et  al.  examine  the  upwelled 
input  of  nitrate  to  the  bay  and  its  forcing  of  primary  production, 
based  on  temperature  and  nutrient  measurements.  Pitcher  and 
Calder  use  direct  measurements  of  chlorophyll  and  primary  pro- 
duction to  relate  new  to  total  production  and  to  quantify  potential 
food  for  mussels  and  its  spatial  distribution  in  the  bay.  Within  the 
scale  of  an  individual  farm.  Boyd  and  Heasman  determine  the 
frictional  effect  of  mussel  rafts  on  waterflow  through  them, 
whereas  Heasman  et  al.  examine  seston  removal  by  mussel  sus- 
pension feeding  and  its  effect  on  growth.  The  latter  two  articles 
thus  both  consider  Ihe  effects  of  local  scale  phenomena  on  the 
delivery  of  food  from  the  larger  Saldanha  Bay  system.  Finally. 
Grant  et  al.  calculate  a  carbon  budget  for  consumption  of  new 
production  in  the  bay  at  both  far  and  bay  scales. 

Several  features  of  the  approaches  taken  in  this  study  are 
unique.  First,  an  emphasis  on  new  production  rather  than  total 
primary  production  considers  shellfish  harvest  as  a  form  of  export 
production  that  can  be  removed  without  running  down  nutrient 
recycling  in  the  bay.  Second,  it  is  rare  that  such  a  strong  physical 
oceanographic  effort  has  been  directed  toward  studies  of  bivalve 
growth  and  carrying  capacity.  Third,  production  and  consumption 
have  been  examined  on  several  scales  including  bay.  farm,  and 
raft.  Together,  these  articles  are  a  significant  contribution  to  aqua- 
culture management  based  on  the  mechanisms  and  modeling  of  an 
entire  oceanographic  system. 
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ABSTRACT  This  study  uses  two  independent  physical  models,  based  on  entrainment  and  turbulent  diffusion,  to  estimate  nitrate- 
driven  new  production  rates  in  Saldanha  Bay.  South  Africa.  The  t»  o  modelmg  approaches  use  yearlong  w  ind  and  therinistor  chain  data 
sets  that  spanned  a  coinplete  upwelling  season  in  the  southern  Benguela  System.  The  nitrate  tlux  estimates  from  the  two  approaches 
were  found  to  be  in  good  agreement  where  the  entramment-based  value  was  9.40  mmol  of  N  nr-d"'  and  the  turbulent  diffusion-based 
value  was  6.47  mmol  of  N  m"-d"'.  This  provided  a  mean  value  of  7.94  mmol  of  N  m"-d"'  which  converts  to  a  carbon-based  new 
production  estimate  of  0.63  g  of  C  nr-d"'.  The  resulting  F  ratio  of  0.19  is  in  close  agreement  with  average  0.2  for  the  southern 
Benguela  System.  The  estimates  of  new  production  driven  by  the  natural  NOj  flux  were  also  compared  with  potential  contributions 
from  anthropogenic  sources.  Only  one  anthropogenic  input,  from  a  pelagic  fish  factory,  was  found  to  be  numerically  equivalent  to  the 
natural  flux  (8.24  mmol  m"^d"').  However,  the  biogeocheinical  pathway  for  the  regeneration  of  this  fish  waste  flux  precluded  it  from 
having  more  than  a  209c  effect  in  the  overall  estimate  of  new  production  in  the  bay.  It  was  concluded  that  the  nitrate  flux  that  drives 
new  production  in  Saldanha  Bay  is  limited  principally  by  physical  factors,  namely  thermocline  dynamics.  The  estimate  of  new- 
production  provides  an  upper  limit  to  the  carrying  capacity,  the  real  value  of  which  is  subject  to  better  understanding  of  shelf-bay 
coupling  dynamics. 

KEY  WORDS:     Shellfish,  mariculture.  new-production,  entrainment.  diffusion,  Saldanha,  Benguela 


INTRODUCTION 

Saldanha  Bay  is  one  of  the  few  inshore  marine  systems  along 
the  South  African  coastline  suitable  for  large-scale  and  economi- 
cally viable  shellfish  mariculture.  It  combines  a  number  of  suitable 
attributes,  which  include  inter  alia,  relative  protection  from  the 
high-energy  coastline  (Shannon  and  Stander  1977.  Weeks  et  al. 
1991).  a  physical  coupling  with  the  highly  productive  southein 
Benguela  upwelling  system  (Shannon  and  Stander  1977.  Monteiro 
and  Brundrit  1990)  and  a  high  internal  rate  of  phytoplankton  pro- 
ductivity (Pitcher  and  Calder  1998).  These  factors  give  rise  to 
some  of  the  highest  recorded  growth  rates  (50  mm  in  6  mo)  for  the 
mussel  Mytilus  galloprovijicialis.  which  forms  the  anchor  species 
for  the  small  (production  -3.000  tons  in  1995)  but  fast-growing 
mussel-farming  sector  (Hecht  and  Britz  1993.  Heasman  1996). 
The  scientific  program,  of  which  this  study  is  part,  aimed  to  assess 
and  understand  the  mechanistic  basis  of  the  carrying  capacity  of 
Saldanha  Bay  for  mussel  farming  (Monteiro  et  al.  1996).  For  the 
purposes  of  this  study,  carrying  capacity  is  defined  as  the  mussel 
biomass  that  could  be  held  in  the  system  without  affecting  the 
existing  high  mussel  growth  rates.  This  approach  focuses  the  effort 
on  rates  and  mechanisms  of  food  supply  in  the  form  of  seston  and 
phytoplankton  as  a  means  to  reach  a  bottom-up  estimate  of  carry- 
ing capacity  (Newell  and  Shumway  1993.  Grant  et  al.  1998). 

Two  physically  driven  mechanisms  were  initially  suggested  to 
drive  food  supply  to  mussels  in  Saldanha  Bay: 
•  Phytoplankton  biomass  and  seston.   including  kelp  detritus 


*Present  address:  Council  for  Scientific  and  Industrial  Research,  P.O.  Box 
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could  be  imported  into  the  bay  by  the  advection  of  surface  water 
from  the  highls  productive  coastal  shelf  environment  (Brown 
and  Henry  1985,  Brown  et  al.  1990),  and 
•  Phytoplankton  biomass  w  ithin  the  bay  could  also  grow  from  an 
external  source  of  nitrogen  that  drives  new  production  (Dugdale 
and  Goering  1967,  Eppley  and  Peterson  1979). 

The  extent  to  which  food  supply  is  regulated  by  one  or  both  op- 
tions is  clearly  dependent  on  the  physical  processes  that  drive 
exchange  between  the  bay  and  the  coast,  as  well  as  the  rate  of 
supply  of  external  nitrogen  that  governs  new  production  w  ithin  the 
bay. 

The  physical  transport  of  water  between  Saldanha  Bay  and  the 
adjacent  coastal  system  is  hypothesized  to  be  driven  by  synoptic 
scale  oscillations.  Stratification  dynamics  appear  to  be  remotely 
forced  by  subsurface  inflows  and  outflows  of  cold  (9-1  TC)  up- 
welled  water  on  time  scales  of  6-10  days  (Monteiro  et  al.  1996). 
During  the  active  phase  of  these  oscillations,  the  warm  and  nutri- 
ent-depleted surface  layer  in  the  bay  (22°C  >  t  >  15'^C)  is  undercut 
by  a  subsurface  inflow  of  NO^-rich  (-20  |jlM)  upwelled  water, 
resulting  in  the  formation  of  strongly  stratified  conditions  within 
the  bay.  Conversely,  duiing  the  relaxation  phase,  there  is  an  out- 
flow of  the  cold  subsurface  water,  and  the  bay  water  column 
acquires  an  isothennal  nutrient-depleted  character.  Phytoplankton, 
which  are  mostly  restricted  to  the  surface  layer,  depend  on  the  NOJ 
inputs  through  the  thermocline  during  the  active  phases  of  the 
cycle  to  drive  new  production  and  an  associated  increase  in  bio- 
mass (Pitcher  and  Calder  1998). 

Such  a  reciprocating  inflow  -outflow  system  should,  depending 
on  the  degree  of  mixing  with  bay  water,  serve  both  to  import 
coastal  biomass  into  the  bay  (during  the  relaxation  phase)  and  to 
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supply  NO3  to  drive  new  production  (during  the  active  phase). 
This  synergism  could  have  a  positive  effect  on  the  carrying  ca- 
pacity of  the  system.  However,  the  first  option  has  been  largely 
discounted  because  recent  understanding  of  shelf-bay  exchange 
arising  from  the  incorporation  of  an  entrainment  mechanism  pre- 
dicts that,  on  the  event  scale  (6-10  days),  the  net  transport  of  water 
in  the  surface  layer  is  out  of  Saldanha  Bay  (Spolander  1996).  The 
corresponding  net  transport  of  subsurface  water  is  from  the  coast 
into  Saldanha  Bay  (Spolander  1996).  Furthermore,  the  very  low 
incidence  (three  occurrences  in  20  y)  of  otherwise  ubiquitous 
coastal  toxic  phytoplankton  blooms  within  Saldanha  Bay  (Pitcher 
et  al.  1996)  provides  additional  support  for  the  notion  that  the  net 
outflow  of  surface  water  exists  and  provides  an  effective  barrier 
for  the  import  of  coastal  production  in  the  surface  layer. 

This  prediction  suggests  that  bay-scale  new  production  alone 
holds  the  key  to  the  carrying  capacity  of  Saldanha  Bay  for  mussel 
farming.  Linking  the  carrying  capacity  assessment  to  new  produc- 
tion rather  than  biomass  or  total  production  also  ensures  that  the 
phytoplankton  biomass  within  the  bay  will  be  sustainably  used, 
hence  minimizing  potential  risks  of  ecosystem  modification  (As- 
mus  and  Asmus  1993,  Dame  1993.  Dankers  1993). 

The  Benguela  upwelling  system  is  a  nitrogen-limited  ecosys- 
tem (Andrews  and  Mulchings  1980),  where  new  production  is 
driven  by  NO7  advected  to  the  surface  by  pulsed  events  of  equa- 
torward  winds  (Hutchings  et  al.  1993).  These  events  give  rise  to 
large  postupwelling  phytoplankton  blooms,  where  chlorophyll 
concentrations  commonly  reach  10-30  mg  of  chlorophyll  m"' 
(Brown  and  Hutchings  1987).  The  main  difference  between 
Saldanha  Bay  and  the  coastal  system  is  that  in  the  former,  the 
NOj-rich  cold  water  wedge  never  outcrops.  This  means  that  NO3 
supply  to  drive  new  production  in  the  surface  layer  has  to  be 
injected  through  the  therniocline  (Anderson  et  al.  1995,  Monteiro 
et  al.  1996).  Saldanha  Bay  is  similarly  NO3  limited,  as  shown  by 
the  subsurface  biomass  maxima  that  develop  at  or  above  the  ther- 
mocline  (Pitcher  and  Calder  1998). 

The  approach  of  this  study  is  based  on  two  hypotheses: 

•  that  nitrogen  (natural  and  anthropogenio-driven  new  produc- 
tion within  Saldanha  Bay  is  the  key  factor  limiting  the  carrying 
capacity  for  large-scale  mussle  farming. 

•  that  the  physical  characteristics  of  Saldanha  Bay  are  largely 
driven  by  the  dynamics  of  the  adjacent  southern  Benguela  Sys- 
tem and  that,  by  extension,  estimated  new  production  rates 
within  the  bay  will  be  similar  to  ineasured  rates  outside  the 
southern  Benguela  System. 

The  objective  is  to  define  and  quantify  all  of  the  potential  sources 
of  "new"  nitrogen.  Results  of  two  physical  models  are  used  to 
quantify  the  natural  NO,-driven  new  prodtictioii.  These  are  com- 
pared with  other  potential  contributions  Irom  anthropogenic  inputs 
to  provide  an  overall  magnitude  anil  a  mechanistic  basis  for  new 
production  in  Saldanha  Bay. 

MKTIIOnOI  OGY 

Study  Area 

Saldanha  Bay  is  a  coastal  embayment  located  in  the  southern 
Benguela  System  (33'S,  18"E)  approximately  100  km  north  of 
Cape  Town.  Its  physiography  was  altered  in  1975  by  the  construc- 
tion of  a  4-km-long  jetty  and  the  Marcus  Island  causeway  (Weeks 
et  al.  1990)  (Fig.  1  ).  These  modifications  divided  the  bay  into  two 
parts  that  ha\e  been  connnonly  referred  to  as  Small  Bay  (14.3  x 


10''  m-)  and  Big  Bay  (42.2  x  10"  m")  (Fig.  1).  Saldanha  Bay  is 
linked  to  the  Benguela  System  to  the  west  and  a  large,  shallow 
tidal  lagoon  (Langebaan  Lagoon)  to  the  south.  The  boundaries 
between  Saldanha  Bay  and  adjacent  systems  ai'e  marked  in  Figure  1 . 

Iiipiil  Data 

The  two  approaches  used  to  calculate  the  natural  nitrate  tlux 
into  the  surface  layer  in  Saldanha  Bay  make  use  of  a  yearlong  time 
series  spanning  the  upwelling  season  of  1994  to  1995  in  the  south- 
ern Benguela  System.  The  first  approach  is  via  a  process  model  of 
the  entrainment  that  occurs  during  an  upwelling  event.  It  requires 
information  about  the  strength  of  the  wind  event  and  the  mean 
stratification.  The  second  approach,  via  a  turbulent  eddy  diffusion 
model,  makes  use  of  an  hourly  thermistor  chaui  temperature  record 
to  quantify  changing  stratification  strength. 

Wind  Data 

Wind  data  for  the  period  from  August  1 ,  1994  to  May  31 .  1995, 
were  obtained  from  a  record  maintained  by  the  lighthouse  keepers 
at  Cape  Columbine,  approximately  50  km  north  of  Saldanha  Bay. 
Readings  were  taken  intermittently  on  the  hour,  and  these  readings 
were  used  to  calculate  a  mean  wind  speed  for  each  day.  The 
temporal  distribution  of  the  recording  can  be  seen  in  Figure  2. 
which  shows  that  the  overwhelming  majority  of  the  readings  were 
taken  between  3:00  and  7:00  a.m.  and  between  3:00  and  7:00  p.m. 
The  wind  readings,  therefore,  probably  incorporate  a  component  of 
the  land-sea  breeze  cycle  that  is  not  properly  resolved.  The  data 
are,  however,  likely  to  be  adequate  for  bulk  estimates.  Lack  of  data 
made  it  impossible  to  calculate  a  mean  on  10  occasions,  with  one 
instance  of  no  data  for  two  consecutive  days.  Linear  interpolation 
was  used  to  fill  in  these  data  gaps.  The  wind  vectors  were  then 
rotated  through  an  angle  of  -35°  in  order  to  align  them  with  the 
general  orientatiiin  of  the  coastline,  which  is  also  the  axis  along 
which  the  winds  tend  to  be  polarized.  Distinct  wind  events  were 
defined  as  beginning  each  lime  the  longshore  wind  component 
started  blowing  in  an  upwelling-faxorable  direction  (that  is.  from 
the  south),  and  the  events  ended  when  the  longshore  wind  reversed 
direction.  Wind  speed  was  converted  into  a  wind  stress  according 
to  the  formula  of  Large  and  Pond  ( 1981 ),  and  a  mean  wind  stress 
was  then  calculated  for  each  wind  event  (Fig.  3 1. 

Thermistor  Chain  Data 

The  Ihermisior  chain  record  was  obtained  from  an  environmen- 
tal monitoring  .station  located  at  MSI  (Fig.  1),  where  the  water 
column  was  between  1  I  and  1 2  m  deep,  and  provided  hourly 
records  at  1-m  intervals  over  the  whole  water  column.  The  equip- 
ment was  serviced  at  10-  to  14-day  intervals  when  the  data  were 
also  downloaded  from  the  data  logger.  The  period  covered  by  the 
data  set  is  from  .luly  1994  to  .luiic  U)95.  which  spans  the  1994  to 
1995  upwelling  season  in  the  southern  Benguela  System  (August 
1994  to  May  1995). 

CALCULATIONS 

Entrainment  Model  .\pproaeh 

The  simplest  model  that  captures  the  primary  physical  pro- 
cesses that  occur  during  an  upwelling  event  consists  i)f  a  two-layer 
llat-botlomed  ocean  that  is  bounded  on  one  side  by  an  infinitely 
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Figure  1.  Map  showing  the  spatial  layout  of  Saldanha  Bay  comprising  the  two  subsections  of  Big  and  Small  Bays  artificially  separated  by  the 
ore  jettv.  a  western  boundary  to  the  coastal  zone  at  the  narrows  between  Marcus  Island  and  the  peninsula  (A),  and  a  southern  boundary  into 
Langebaan  Lagoon  (B(.  Also  shown  are  the  positions  of  the  monitoring  station  (MSI),  the  Pelagic  Fish  Factory  (PFF),  the  Stock  Fish  Factory 
(SFF),  and  the  Municipal  Sewage  Outflow  (MSO). 


long  coastline.  The  two  layers  slide  freely  over  one  another  and  are 
separated  by  a  strong-density  discontinuity  such  as  a  themiocline. 
When  an  upwelling-favorable  wind  blows  over  this  ocean,  the 
mean  Ekman  transport  in  the  upper  layer  is  directed  at  right  angles 
away  from  the  coast.  This  offshore  flow  decreases  exponentially 
toward  zero  as  the  coast  is  approached,  because  no  flow  is  possible 
across  the  coastal  boundary.  In  order  to  conserve  mass,  there  is  a 
compensatory  onshore  flow  in  the  lower  layer  of  the  water  column, 
and  an  upwelling  of  the  therniocline  that  separates  the  two  layers. 
Thermocline  upwelling  is  most  vigorous  at  the  coast,  resulting  in 
a  thermocline  that  deepens  exponentially  away  from  the  coast  with 
pressure  gradients  that  drive  a  vertically  sheared  longshore  flow.  If 
there  were  no  mixing,  this  longshore  flow  would  steadily  increase 
toward  infinity,  and  the  thermocline  would  eventually  reach  the 
surface  of  the  ocean.  However,  the  vertical  shears  accompanying 
the  upwelling  process  result  in  entrainment  of  water  across  the 
thermocline  to  prevent  outcropping. 

Pollard  et  al.  ( 1973).  in  a  model  of  the  upper-layer  dynamics  of 
the  open  ocean,  applied  the  idea  that  vertical  entrainment  across  a 
density  discontinuity  (in  this  instance,  a  thermocline)  is  driven  by 
the  velocity  shear  across  the  thermocline.  According  to  their 
model,  entrainment  will  occur  if  turbulence  induced  by  velocity 
shear  can  overcome  turbulence-suppressing  effects  of  stable  strati- 
fication. A  measure  of  these  effects  of  shear  and  stratification  is  the 
Richardson  number: 


gH, 


Ap 

P 


(Au)'  +  (A\  )- 


(1) 


where  R,  is  the  Richardson  number,  g  is  the  gravitational  constant, 
H,  is  the  depth  of  the  upper  mixed  layer.  Ap  is  the  density  dis- 
continuity across  the  thennocline,  p  is  the  typical  density  of  sea- 
water  in  the  system,  and  u  and  v  represent  the  vector  velocity  shear 
across  the  thermocline. 

If  this  Richardson  number  reaches  a  critical  value  (a  value  of  I 
in  the  model  of  Pollard  et  al.  1 1973],  water  will  be  entrained  across 
the  thermocline  into  the  upper  layers  of  the  water  column.  This  has 
the  effect  of  increasing  the  stratification  terms  (the  numerator  of 
the  Richardson  number)  and  decreasing  the  velocity  shear,  thereby 
increasing  the  Richardson  number  away  from  its  critical  value.  The 
model  of  Pollard  et  al.  (1973)  assuines,  therefore,  that  entrainment 
will  act  to  ensure  that  the  Richardson  number  is  never  reduced 
below  its  critical  value.  For  instance,  if  the  shear  across  the  ther- 
mocline increases,  the  rate  of  entrainment  must  increase  in  order  to 
prevent  the  Richardson  number  from  becoming  subcritical.  In  an 
upwelling  situation,  the  Richardson  number  will  be  infinitely  large 
at  the  instant  that  the  wind  is  switched  on.  and  there  will  be  no 
entrainment.  Thereafter,  the  steady  upwelling  of  the  thermocline 
will  reduce  the  numerator  of  the  Richardson  number  at  the  same 
time  that  the  establishment  of  the  offshore  and  longshore  shear 
increases  the  denominator  of  the  Richardson  number.  Upwelling 
will  thus  reduce  the  Richardson  number  towards  its  critical  value, 
when  entrainment  will  begin,  and  entrainment  will  proceed  at  a 
rate  that  ensures  that  the  Richardson  number  does  not  become 
subcritical. 

A  simple  two-dimensional  model  of  entrainment  during  an  up- 
welling event  was  presented  by  .Spolander  ( 1996).  This  model  can 
be  used  to  investigate  the  entrainment  that  occurs  during  a  wind 
event  of  constant  intensity  blowing  parallel  to  a  straight  coastline. 
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Figure  2.  The  temporal  distribution  of  wind  recordings  made  at  Cape 
Columbine  represented  as  a  percentage  of  the  total  possible  number  of 
recordings  (350). 


Normally,  coastlines  are  not  straight,  and  upvvelling  is  very  defi- 
nitely a  three-dimensional  process.  The  two-dimensional  model 
should,  however,  capture  the  fundamental  physics  of  entrainmeni 
during  an  upwelling  event  and,  with  suitable  tuning,  can  be  used  to 
provide  a  bulk  estimate  of  the  tlux  of  nutrient  across  the  ther- 
mocline  in  Saldanha  Bay.  The  events  that  were  identified  in  the 
wind  record  were  used  as  input  for  this  model,  together  with  ap- 
proximations concerning  the  stratification  of  Saldanha  Bay.  It  was 
assumed  that  the  undisturbed  depth  of  the  upper  layer  in  the  bay  is 
15  m,  an  estimate  that  is  based  on  observations  that  the  cold  lower 
layer  is  present  in  the  bay  during  the  relaxation  phases  of  the 
upwelling  cycle  at  a  depth  greater  than  the  thermistor  chain  data 
presented  here.  The  seasonal  variation  in  the  teinperature  of  the 
two  layers  can  be  inferred  from  Figures  6-9.  The  temperature  of 
the  upper  layer  increases  from  approximately  14°C  in  July  to  ap- 
proximately 20°C  in  January.  At  the  same  lime,  the  lower-layer 
temperature  falls  from  about  MT  to  approximately  \\"C  This 
seasonal  variation  in  temperature  was  crudely  simulated  by  func- 
tions of  the  form: 


tunper=  l4  +  6sin 
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where  t„p|,^,^  and  t|„^„^  are  the  upper-  and  lower-layer  temperatures, 
respectively,  and  where  7' is  time  in  days  Irom  July  1. 

Using  these  inputs,  the  model  was  able  to  produce  estimates  of 
the  entrainment  that  occurred  during  each  of  the  wind  events,  as 
well  as  an  estimate  of  the  total  amount  of  entrainment  thai  would 
have  occurred  during  the  l'W4  to  1995  season  along  a  straight 
coastline.  This  value  can  then  be  tuncil  lo  a  hulk  \.ikic  appropriate 
for  Saldanha  Bay. 


The  turbulent  diffusion  model  used  in  this  study  was  adopted 
from  the  approach  of  King  and  Devol  (1979)  approach.  This 
method  has  two  main  assumptions; 

•  first,  that  the  NOT  eddy  diffusion  coefficient  (K^^^).  which  is 
difficult  to  measure,  can  be  approximated  by  the  thermal  diffu- 
sion coefficient  (K,,),  which  can  be  estimated  relatively  easily 
from  high-resolution  thermistor  chain  data.  This  is  supported  by 
the  close  similarity  of  temperature  and  nitrate  profiles  at  the 
monitoring  station  (see  Figures  8  and  9  in  Pitcher  and  Calder 
submitted). 

•  second,  that  advective  heat  tlux  terms  are  small  compared  with 
the  vertical  seasonal  fluxes.  The  estimated  magnitude  of  the 
advective  heat  flux  is  16-32  W  m"-  (velocity-0. 1  m  s"'  and  2°C 
horizontal  temperature  gradient  across  the  bay),  about  10%  of 
the  insolation  heat  tlux  (150-3.50  W  nr")  (Guastella  1992)  and 
15-209f  of  the  entrainment  heat  loss  ( 140  W  m"")  (Spolander 
1996). 

This  estimate  of  the  advective  heat  flux  is  thought  to  be  an  upper 
limit  because  the  chosen  horizontal  temperature  gradient  is  con- 
servative compared  with  the  typical  0.5-1  °C.  This  gradient  typi- 
cally characterizes  the  difference  in  the  mean  temperatures  of  the 
surface  layers  in  Big  Bay  and  Small  Bay  (Monteiro  et  al.  1990). 
Horizontal  heat  advection  is  therefore  likely  to  be  a  minor  source 
of  uncertainty  in  the  estimates  below. 

Calculating  the  Thermal  Diffusion  Coefficient  (K„) 

The  thermal  diffusion  coefficient  (K^, )  is  calculated  by  the 
expression: 
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Figure  3.  The  longshore  wind  .stress  (units,  N  m"'')  record  from  Augu.sl 
1,  WiA  to  May  31.  m'>.=;.  The  record  is  divided  up  into  distinct  wind 
events  lluil  each  ha\c  ii  mean  wind  stress.  Ihe  dolled  line  Is  liic  actual 
dail\  Muaii  wind  stress,  and  Hie  solid  line  represents  Ihe  mean  stress  of 
wind  c\enls  thai  tterc  used  in  the  entrainmeni  model. 
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Nitrate  -  Temperature  Relationship  for  the 
Benguela  System 


where  Q,  is  the  average  net  heat  flux  (W  nr"),  dt/dz  Is  the  tem- 
perature gradient  at  the  thennocUne  inaxiinuni.  and  C^,  and  p  are 
the  specific  heat  (4, ISO  J  Kg^"'C"')  and  average  density  of  sea- 
water  ( 1.025  Kg  m"')  respectively. 

The  heat  flux  term  was  estimated  by  a  regional  climatology 
approach  based  on  a  heat  budget  study  in  the  vicinity  of  Saldanha 
Bay  (Guastella  1992)  and  a  13-y  data  set  of  solar  radiation  along 
the  Benguela  System  coastline  (A.  Tegen  unpubl.  data).  The  esti- 
mated heat  fluxes  for  each  of  the  four  periods  considered  by  this 
study  are  summarized  in  Table  1.  These  four  periods  span  the 
upwelling  season  in  the  southern  Benguela  System  and  exclude  the 
two  full  winter  months  (June  and  July)  when  upwelling  ceases. 
The  u.se  of  steady-state  heat  flux  values  makes  the  assumption  that 
short-term  variations  of  heat  flux  balance  each  other  out  to  an 
average  close  to  the  chosen  fluxes. 

The  temperature  gradient  term  (dl/dZ)  was  obtained  from  the 
thermistor  chain  data  by  finding  the  maximum  of  the  derivative  of 
a  spline  function  through  each  of  the  hourly  profiles.  This  provided 
a  more  reliable  measure  of  the  stratification  maximum  within  the 
thermocline  rather  than  a  bulk  gradient  through  the  thermocline 
region.  By  using  these  inputs,  hourly  values  of  thermal  turbulent 
diffusion  coefficient  K.,,  can  be  calculated  and  used  as  the  input  to 
calculate  the  nitrate  flux. 

Calculating  the  NO3  Concentrations  From  Temperature  Data 

The  lack  of  high  temporal  resolution  NO3  values  corresponding 
to  the  thermistor  chain  data  set  made  it  necessary  to  estimate 
nitrate  concentrations  from  a  relationship  between  temperature  and 
NO3  concentration  for  the  Benguela  System  (Fig.  4)  (Monteiro 
1996).  The  relationship  is  defined  by; 

|NO;]  =  -2.73t  +  44.27  (5) 

where  r  =  0.72  (n  =  1.920)  and  nitrate  concentrations  are  (j.mol 
L"'.  This  functional  relationship  was  used  to  convert  the  thermis- 
tor chain  temperature  data  to  corresponding  nitrate  concentration 
values. 

The  nitrate  flux  Qf^  was  calculated  by  the  expression  (King  and 
Devol  1979): 


K^ 


dNO, 
dZ 


(6) 


where  K^,^;  is  the  NO^  eddy  diffusion  coefficient  and  dNO^/dZ  is 
the  nitracline  maximum,  calculated  from  the  derivative  maximum 
of  a  spline  function  through  the  hourly  NO3  concentration  profiles. 
The  use  of  eq.  6  assumes  that  K^^  =  K^,  (King  and  Devol  1979). 
This  assumption  implies  that  the  rate  of  upward  NO^  transport  is 

TABLE  1. 

The  estimated  average  net  heat  fluxes  (\V  m  ')  over  the  four  periods 

of  the  upwelling  season  at  the  latitude  of  Saldanha  Bay 

(from  Guastella  1992). 
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Figure  4.  .A  relationship  between  temperature  and  nitrate  concentra- 
tion for  the  whole  Benguela  System.  It  allows  high-resolution  tempera- 
ture data  to  be  used  to  generate  equivalent  nitrate  concentrations. 


approximated  by  the  rate  of  downward  heat  transport.  Because  this 
could  not  be  verified  specifically  in  Saldanha  Bay.  the  predicted 
NO7  flux  from  the  turbulent  diffusion  approach  was  compared 
with  that  nidependently  calculated  with  the  entrainment  model. 

The  final  output  of  both  approaches  was  the  nitrate  flux  in 
mmol  m~"d"'  which  was  then  used  to  estimate  the  carbon  based 
new  production,  assuming  a  Redfield  ratio  of  6.6  for  carboninitro- 
gen  uptake  stoichiometry  (Redfield  et  al.  1963). 

RESULTS 

Results  From  the  Entrainment  Model  Approach 

Tuning  the  two-dimensional  entrainment  model  to  give  an  ap- 
propriate entrainment  value  for  Saldanha  Bay  can  be  done  by 
deciding  what  length  of  straight  coastline  is  represented  by  the  bay. 
An  appropriate  scale  would  appear  to  be  the  width  of  the  channel 
connecting  the  bay  to  the  upwelling  system,  which  is  approxi- 
mately 2,500  m.  This  length  scale  is  undoubtedly  correct  to  within 
a  factor  of  two,  which  is  sufficient  for  a  bulk  estimate.  The  en- 
trainment occurring  in  the  30  wind  events  identified  in  the  wind 
record  were,  therefore,  spatially  integrated  for  2.500  m  in  a  long- 
shore direction  and  for  6,000  m  in  the  offshore  direction,  which  is 
the  length  of  the  channel  connecting  the  bay  to  the  shelf.  Over  the 
10-month  upwelling  season,  the  total  volume  of  water  entrained  in 
this  area  was  6.40  x  10''  m\  This  implies  a  daily  mean  entrainment 
rate  of  2.13  x  10'  m-'day"'.  The  entrainment  will  not  just  occur 
over  the  area  of  the  channel,  however,  but  will  be  spread  out  over 
the  entire  area  of  the  bay  where  the  warm  surface  layer  overlies  a 
cold  bottom  layer.  This  area  is  approximately  44.8  x  10*"  m"^.  The 
mean  entrainment  flux  for  the  bay  is  thus  0.47  m  day"'. 

This  value  is  one-third  of  the  entrainment  flux  that  would  be 
found  in  the  shelf  upwelling  system.  Examination  of  Figures  5a-8a 
shows  that  the  mean  temperature  difference  between  the  upper  and 
lower  layers  for  the  10-nionth  upwelling  season  is  approximately 
6°C.  The  mean  entrainment  flux  is  thus  equivalent  to  a  mean 
entrainment  heat  flux  into  the  upper  layer  of  the  bay  of  -140  W 
M"".  This  is  comparable  in  magnitude  with  the  seasonal  heat 
fluxes  found  by  Guastella  ( 1992)  in  St.  Helena  Bay.  maintaining  a 
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Thermistor  Chain  Temperatures:  1-Jul-94  -  20-Sep-94 
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Figure  5.  Time  series  plots  of  (a)  the  surface  and  bottom  temperature 
records  and  (f)l  the  correspondinjj  stralillcallon  (Strat.)  maximum 
(Max.)  for  the  first  quarter  of  the  1944  to  1W5  upwelling  year  in 
Saldanha  Bay.  Each  inflow  of  cold  water  is  numbered,  and  Event  1 
marks  the  beginning  of  the  upwelling  season,  mmddhh:  ni-month; 
d-day:  h-hour. 

balanced  heat  bu(Jget  for  the  upwelling  season  and  increasing  con- 
fidence in  the  use  of  the  dimensions  of  the  channel  as  the  appro- 
priate scales  for  tuning  the  entrainmenl  niodcl. 

The  entrainment  flux  can  be  converted,  in  a  siinplified  way, 
into  a  nutrient  tlux  by  assuming  that  biological  productivity  in  the 
upper  layers  of  the  bay  maintains  a  negligible  cimcentration  of 
nutrients  in  that  layer.  If  it  is  further  assumed  that  the  concentration 
of  nitrate  in  the  cold  lower  layer  is  reasonably  constant  at  INO,  |  = 
20  |jLmol  L  ',  then  the  mean  entrainment  flux  converts  into  a  mean 
nitrate  tlux  of  9.4  mmol  of  N  m'"  day"'. 

Results  From  the  Tiirbiileiil  Difjusion  Miidel  Approach 


within  the  thermocline.  The  four  plots  correspond  to  four  conve- 
niently defined  phases  of  the  upwelling  year: 

Winter  to  spring,  summer  I,  summer  II.  and  autumn  to  winter. 

Missing  data  mostly  correspond  to  the  I-  to  3-day  servicing  and 
calibration  periods.  There  is  a  larger  gap  in  the  surface  record 
spanning  the  month  of  January  1995,  when  the  surface  thermistor 
failed.  The  same  gap  is  not  reflected  in  the  stratification  time  series 
because  the  spline  function  can  still  use  the  remaining  points,  and 
the  thermocline  is  normally  not  shallower  than  .S  m. 

The  main  features  of  the  time  series,  below,  provide  the  nec- 
essary background  of  the  processes  that  modulate  NO;^  supply  to 
the  surface  layer  in  Saldanha  Bay.  The  upwelling  season  extends 
from  August  to  May  and  is  characterized  by  periodic  inflows  of 
cold  NO^-rich  water.  The  temperature  record  shows  that  in  accor- 
dance with  the  conceptual  model  formulated  by  Monteiro  et  al. 
(1996),  the  stratification  dynamics  of  Saldanha  Bay  during  the 
upwelling  sea.son  are  largely  modulated  by  two  forcing  processes: 


\  Thermistor  Chain  Temperatures:  23-Oct-94  -  31-Dec-94 

22  00  - 
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Time:  weeks  (mmddhh) 

Time  Series  of  Stratification  Maximum 
23-Oct-94-31-Dec-94 


Thermistor  Chain  Data 

The  surface  and  lO-m-depth  hourly  records  fiom  the  thermistor 
chain  at  the  environmental  monitoring  station  in  Saldanha  Bay  are 
graphically  depicted  in  Figures  6a-9a  and  span  the  period  between 
July  1994  and  June  I99.'i.  Also  depicted  (Figs.  6b-9b)  are  the 
corresponding  time  .series  of  the  stratification  maximum  (°Cm"') 


Time:  weeks  (mmddhh) 

Figure  6.  Time  .series  plots  of  (a)  the  surface  and  bottom  temperature 
records  and  (b)  the  corresponding  slratificalicm  (.Strat.)  maximutii 
(Max.)  for  the  second  i|uarler  of  the  1W4  to  IWS  upwelling  year  in 
Saldanha  Hay.  Each  inllow  of  cold  water  is  numbered,  and  it  can  be 
seen  that  the  amplitude  of  the  bottom  temperature  excursions  in- 
creases as  the  surface  layer  warms  up  into  midsummer. 
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Thermistor  Chain  Temperatures:  1-Jan-95  -  31-Mar-95 


Time:  weeks  (mmddhh) 

Time  Series  of  Stratification  Maximum 
1-Jan-95-31-Mar-95 


period  oscillations  that  characterize  the  iipweMing  season.  The 
transition  from  winter  to  upweliing  season  is  evident  in  the 
stratification  maximum  time  series  (Fig.  5b). 

•  In  this  early  phase  of  the  upweliing  season,  the  period  for  the 
event  cycle  is  9.3  days  per  event,  resulting  in  a  total  of  six 
events  between  August  and  September. 

•  During  this  phase,  the  net  solar  heat  tlux  has  not  significantly 
warmed  the  surface  layer  and  stratification  is  largely  governed 
by  cold  water  inflows. 

Summer  I  Phase  (Fig.  6al 

•  Increased  net  solar  heat  flux  (170  W  m"")  and  intensity  of 
upweliing  water  inflows  increa.se  the  amplitude  (~IO°C)  of  the 
temperature  oscillations  at  10  m,  which  is  also  reflected  by 
changes  in  the  magnitude  and  variability  of  the  stratification 
maximum  (6-7°C  m"')  (Fig.  6b). 

•  This  period  was  characterized  by  13  events  (Events  7-19)  and 
an  event  period  of  5.4  days.  There  are  also  a  number  of  higher 
frequency  peaks  that  could  be  driven  by  tidal  ( 12  h)  and  inertial 
(-22  h  at  this  latitude)  oscillations. 

Thermistor  Chain  Temperatures;  8-Apr-95  -  30-Jun-95 


Time:  weeks  (mmddhiti) 

Figure  7.  Time  series  plots  of  (a)  the  surface  and  bottom  temperature 
records  and  )b)  tlie  corresponding  stratification  (Strat.)  maximum 
(Max.)  for  the  third  quarter  of  the  1994  to  1995  up\velMng  year  in 
Saldanha  Ba>.  Each  infioiv  of  cold  water  is  numbered,  and  the  ampli- 
tude of  the  bottom  temperature  excursions  begins  to  decrease  « ith  the 
end  of  summer,  mmddhh:  m-month;  d-day;  h-hour. 

•  synoptic  scale  events  (6-  to  10-day  period)  that  drive  subsurface 
inflows  of  cold  (9-1  r"C)  upwelled  water  into  the  bay. 

•  seasonal  scale  changes  to  the  solar  heat  flux  that  affects  surface 
water  temperatures. 

Stratification  characteristics  are  governed  by  the  relative  intensity 
of  these  two  forcing  factors  at  different  times  of  the  year.  The  bay 
water  column  oscillates  between  a  strongly  stratified  (active  phase) 
condition  (Figs.  6a-9a),  and  passive  phases  when  the  external 
forcing  relaxes,  the  cold  water  flows  out.  and  the  whole  water 
column  acquires  the  characteristics  of  the  warm  surface  layer.  The 
teiTiperature  time  series  plot  also  provide  the  following  additional 
insights  into  the  physical  characteristics  of  Saldanha  Bay; 

Winter  to  Spring  Phase  (Fig.  5a) 

•  The  boundary  between  the  winter  of  1994  and  the  start  of  the 
1994  to  1995  upweliing  season  is  given  by  the  first  strong 
"active"  event  (Event  1 ).  This  event  ends  the  very  weakly  strati- 
fied (13-1 5°C;  stratification  <rC  m"')  water  column  that  char- 
acterizes the  winter  period  and  signals  the  start  of  the  6-10 
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Time:  weeks  (mmddhh) 

Time  Series  of  Stratification  Maximum 
8-Apr-95  -  30-Jun-96 
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Figure  8.  Time  series  plots  of  (a)  the  surface  and  bottom  temperature 
records  and  (b)  the  corresponding  stratification  maximum  for  the 
fourth  quarter  of  the  1994  to  1995  upweliing  year  in  Saldanha  Bay. 
Each  inflow  of  cold  water  is  numbered,  and  Event  40  marks  the  end  of 
the  1994  to  1995  upweliing  season  in  Saldanha  Bay. 
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Plot  of  NH4  (uM)  with  depth  in  Saldanha  Bay 


3  4 

NH4Concn(i.M| 

Figure  9.  A  water  column  protlle  showing  the  changes  in  NHj  con- 
centration (pmol  Ir'l  on  either  side  of  the  therniocline  in  Small  Bay. 
The  sample  at  0  m  is  }  m  helow  the  surface. 


Summer  II  Phase  (Fig.  7a) 

•  This  part  of  the  time  series  shows  that  midsummer  conditions 
persist  until  late  February,  when  decreasing  solar  heat  flux  and 
upwelling  wind  stress  result  in  a  reduction  of  the  amplitude  of 
the  variability  and  a  convergence  of  the  surface  and  lO-m  tem- 
perature records.  This  has  a  coiTesponding  effect  on  the  strati- 
fication maximum  (Fig.  7b).  which  also  showed  a  weakening 
trend  in  late  March. 

•  Over  this  period,  there  were  14  events  (Events  20-33)  with  a 
period  of  7  days. 

Autumn  to  Winter  Phase  (Fig.  8a) 

The  continued  reduction  in  the  intensity  of  the  forcing  pro- 
cesses is  clearly  evident,  with  surface  temperatures  dropping  to 
below  I5°C  and  the  termination  of  cold  nutrient-rich  water  inflows 
after  Event  40,  which  coincided  with  the  end  of  May.  This  marks 
the  end  of  the  upwelling  season  in  Saldanha  Bay.  The  subsequent 
record  has  typical  winter  characteristics  with  a  well-mixed  water 
column  of  13-14°C.  as  was  earlier  observed  for  July  1994  (Fig. 
5a).  With  the  onset  of  winter,  the  stratification  maximum  declined 
(Fig.  8b)  to  below  0.2°C  m"'  after  Event  40.  This  final  quarter  of 
the  upwelling  season  was  marked  by  seven  events  (Events  34^0) 
over  a  period  of  54  days,  conesponding  to  7.7  days  per  event. 

Natural  NO,  Flux  Modeled  by  the  Turbulent  Diffusion  Appniaeh 

Average  quarterly  and  annual  NO,  fluxes  into  the  surface  layer 
calculated  from  the  thermistor  chain  data  using  the  approach  of 
King  and  Devol  ( 1979)  are  summarized  in  Table  2,  where  the  net 
heat  fluxes  are  used  to  calculate  K„.  The  calculations  exclude  the 
two  winter  nonupwelling  months  (June  and  July). 

DISCUSSION 

Estimating  New  Production  in  Saldanha  Hay 

The  entrainmcnt  model  and  the  lurhulenl  dillusion  method  give 
average  nitrate  fluxes  over  the  lO-mo  upwelling  season  of  9.40 
mmol  of  N  m^'day"'  and  6.47  mmol  of  N  rn  "day  ',  respectively. 


This  agreement  to  within  30%  is  remarkable,  considering  the 
widely  disparate  approaches  taken  to  arrive  at  the  estimates.  Al- 
though the  two  models  make  use  of  the  same  seasonal  heat  fluxes, 
their  estimates  of  new  production  are  independently  driven  by 
hourly  wind  records  in  the  case  of  entraininent  and  hourly  tem- 
perature profiles  in  the  case  of  turbulent  diffusion.  Therefore,  any 
eiTors  arising  from  the  two  approaches  are  likely  to  accumulate 
independently,  making  the  likelihood  of  coincidence  very  small. 

It  inust.  of  course,  be  remembered  that  the  9.40  mmol  of  N 
m"'^day~'  from  the  entraininent  method  is  a  spatially  averaged 
value  over  the  part  of  the  bay  that  is  stratified.  The  6.47  mmol  of 
N  m~"day"',  however,  is  a  mean  value  at  one  particular  point  in 
Saldanha  Bay.  This  point  should,  however,  be  reasonably  repre- 
sentative of  all  of  the  stratified  portions  of  the  bay,  because  of  the 
spatial  hoinogeneity  in  the  bay  (Pitcher  and  Calder  1998). 

A  further  agreement  between  the  two  methods  concerns  the 
surface  heat  flux.  The  large  surface  heat  flux  from  the  atmosphere 
to  the  upper  layer  of  Saldanha  Bay  would  result  in  far  higher 
equilibrium  teinperature  for  the  layer,  were  it  not  for  the  input  of 
cold  water  across  the  thermocline.  The  turbulent  diffusion  ap- 
proach makes  use  of  this  fact  by  balancing  the  atmospheric  heat 
flux  with  the  flux  of  cold  (and  nitrogen-rich)  lower-layer  water. 
The  entrainment  model  takes  a  different  approach  by  considering 
the  physics  that  causes  the  cold  lower-layer  water  to  be  entrained 
into  the  upper  layer.  Encouragingly,  the  entrainment  that  occurs 
over  the  area  perpendicular  to  the  channel  in  Saldanha  Bay  results 
in  a  mean  net  heat  flux  of  -140  W  m^~,  which  is  very  close  to 
balancing  the  130  W  m""  seasonally  weighted  average  flux  from 
the  atmosphere  used  in  the  turbulent  diffusion  approach.  A  par- 
ticular advantage  of  using  these  two  different  methods  to  deter- 
mine the  flux  of  nitrogen  into  the  upper  layer  is  that  they  depend 
on  diffei-ent  data  sets.  In  the  case  of  Saldanha  Bay,  the  wind  record 
is  considerably  longer  than  the  temperature  record  from  the  therm- 
istor chains.  The  entrainment  model  approach  may  therefore  be 
used  to  determine  the  interseasonal  range  in  nitrate  flux  v\  ithiii  the 
bay. 

The  two  approaches  provided  an  average  natural  NO,  flux  into 
Saldanha  Bay  during  the  upwelling  season  of  7.94  mmol  of  N 
m""day~'.  Assuming  that  the  NO,  is  completely  used  to  drive  new 
production  (Dugdale  and  Goering  1967.  Eppley  and  Peterson 
1979).  the  annual  average  caibon-based  new  production  rate  is 
0.63  g  of  C  nr-day"'  (7.94  x  6.6  x  12/1,000  =  0.63).  This  is 
calculated  al.so  assuming  that  carbon  uptake  is  governed  by  the 
Redfield  C:N  molar  stoichiometry  of  6.6  (Redfield  et  al.  1963). 
Although  recenl  work  has  raised  some  questions  about  this  as- 
sumption (Monteiro  1996).  it  is  still  reasonable  to  link  the  Redfield 
ratio  to  particulate  export  production.  This  is  what  is  consumed  by 
the  filter  feeders. 

TABLE  2. 

Calculated  NO7  fluxes  (mmol  of  N  m"^day"')  across  the  thermocline 

o\er  (he  upwelling  season  in  Saldanha  Ray.  the  quarUrl)  and 

annual  mean  \alues  are  shown  with  the  corresponding  net  heat  I1u\ 

\ulues  l\\  m  "). 


Season 


Quarter 


Heat 


NO3 


Spring 

(August  10  September) 

IK) 

6.10 

Summer  1 

(October  to  December) 

170 

S.71 

Summer  II 

(January  to  March) 

1  "^0 

.'^,.';7 

Auliinin 

(April  10  May) 

W 

4.S.'i 
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TABLE  3. 

A  comparison  of  the  ne«  production  and  /  ratio  values  obtained 

from  this  slud>  with  a  range  of  values  measured  hy  '"^N  uptake 

from  the  southern  Benguela  System. 


NevN 

Production 

f 

Area 

(gof  C  m-day-') 

Ratio 

Source 

Coastal  Benguela 

0.42 

0.24 

Probyn  et  al.  in  press 

Agulhas  Bank 

0.24 

0.17 

Probvn  et  al.  1995 

St.  Helena  Buy 

0.44 

0..32 

Waldron  and  Probyn 
1991 

Saldanha  Bay 

0.63 

0.19 

This  study 

An  average  estimate  of  the /ratio  for  Saldanha  Bay  in  suinmer 
can  be  made  (eq.  8)  (Eppley  and  Peterson  1979.  King  1987)  by 
combining  the  calculated  new  production  rate  value  with  the  av- 
erage total  net  production  rate  (3.40  g  of  C  m^'day"' )  (Pitcher  and 
Calder  1998)  obtained  from  ;;(  situ  '""C  uptake  measurements. 


/ra 


new  production     0.63 


0.19 


(8) 


'"•''"     total  production     3.40 

The  calculated  /'  ratio  for  Saldanha  Bay  of  0.19  indicates  that 
production  is  mostly  driven  by  regenerated  nitrogen  (~809f ).  Thus, 
only  -20<7r  of  the  total  phytoplankton  production  is  potentially 
available  in  a  long-term  sustainable  basis  to  mussels  in  the  bay. 

How  Realistic  Is  This  Sew  Production  Estimate? 

Earlier  physical  data  suggest  that  physical  characteristics  in 
Saldanha  Bay  are  largely  driven  by  coastal  dynamics.  This  would 
suggest  that  phytoplankton  production  characteristics  in  Saldanha 
Bay  should  bear  some  similarities  to  the  surrounding  southern 
Benguela  System.  There  is  good  agreement  between  the  calculated 
new  production  estimate  from  Saldanha  Bay  and  //;  situ  '^N-based 
measurements  from  the  Benguela  System  (Table  3).  The  Saldanha 
Bay  values  are  the  highest  in  the  system,  although  the  correspond- 
ing/ratio is  relatively  low. 

The  Agulhas  Bank  System,  like  Saldanha  Bay.  is  a  stratified 
environment  where  new  production  is  driven  by  NO^  transport 
across  the  thermocline,  resulting  in  a  subsurface  chlorophyll  maxi- 
mum (Probyn  et  al.  1995).  St.  Helena  Bay  is  also  a  largely  strati- 
fied environment  but  is  located  in  the  vicinity  of  Cape  Columbine, 
one  of  the  major  coastal  upwelling  cells  in  the  southern  Benguela 
System  (Waldron  and  Probyn  1991).  Here,  a  higher/ratio  (0.32) 
has  been  linked  to  NO3  supply,  attributable  to  both  cross-shelf 
advection  of  newly  upwelled  water  and  turbulent  diffusion  across 
the  thermocline  (Waldron  and  Probyn  1991 ).  For  the  inner  shelf  of 
the  southern  Benguela  System  (32°S).  where  NOJ  from  upwelled 
waters  outcrop  at  the  surface,  new  production  rates  are  higher  but 
the/ratio  remains  close  to  0.2  (Table  3).  Low /ratios  (0.17-0.32) 
suggest  that  in  the  Benguela  System,  phytoplankton  production  is 
unexpectedly  and  largely  dominated  by  regenerated  production.  In 
this  respect,  the  estimated  new  production  rate  and  associated  / 
ratio  for  Saldanha  Bay  indicate  that  Saldanha  is  not  significantly 
different  from  the  surrounding  southern  Benguela  System.  We 
argue  that  this  provides  further  confidence  in  our  new  production 
estiinate. 

Nevertheless,  the  comparison  of  these  values  must  take  into 
account  differing  sampling  scales.  The  Benguela  System  (southern 
Benguela.  Agulhas  Bank)  values  are  averages  of  a  few  spatially 
distributed  instantaneous  ''^N  measurements,  and  the  St.  Helena 


Bay  samples  are  an  average  of  a  series  of  four  daily  samples 
(Waldron  and  Probyn  1991 ).  By  contrast,  the  Saldanha  Bay  value 
is  the  average  of  hourly  data  over  a  whole  upwelling  season  from 
a  single  but  spatially  representative  point.  Globally,  the  disagree- 
ments in  estimates  of  in  situ  and  bulk  measurements  of  new  pro- 
duction are  attributed  to  the  scale  mismatch  between  the  two  ap- 
proaches (Piatt  et  al.  1989).  In  situ  measurements,  unless  per- 
formed as  a  high-resolution  time  series,  could  provide  results 
biased  toward  the  stage  of  the  upwelling  cycle  at  which  measure- 
ments are  taken.  This  is  particularly  important  in  upwelling  sys- 
tems where  the  /  ratio  changes  with  the  nitrate  concentration  and 
the  stage  of  the  6-  to  10-day  upwelling  cycle  (Probyn  1992). 

The  same  difficulties  could  arise  with  respect  to  the  use  of  in 
situ  '""C  total  production  measurements  used  to  calculate  the  av- 
erage /"ratio  (eq.  8).  However,  because  the  '''C  average  is  based  on 
six  10-day  field  trips  over  2  y.  where  at  least  three  measurements 
were  taken  on  each  field  trip  (Pitcher  and  Calder  1998),  the  tem- 
poral averaging  is  likely  to  be  representative  for  those  years  and 
proN'ides  some  confidence  in  the  estimated /ratio. 

It  should  be  noted  that  this  new  production  estimate  is  likely  to 
be  subject  to  significant  interannual  (e.g..  El  Nino  Southern  Os- 
cillation (ENSO))  variability  linked  to  changes  in  the  intensity  of 
remote  equatorward  winds,  which  drive  shelf  scale  upwelling,  and 
local  winds,  which  drive  entrainment  and  local  stratification  dy- 
namics. The  importance  of  this  variability  to  estimates  of  carrying 
capacity  should  be  assessed  as  a  matter  of  some  importance. 

Other  Sources  of  New  Nitrogen  in  Saldanha  Bay 

In  the  absence  of  any  significant  natural  freshwater  runoff 
points  into  Saldanha  Bay.  the  main  anthropogenic  nitrogen  inputs 
are  the  two  fish-processing  factories  and  a  minor  contribution  from 
the  treated  effluent  from  the  sewage  plant  (Monteiro  et  al.  1996). 
The  magnitudes  of  each  of  these  nitrogen  inputs  are  shown  in 
Table  4.  where  the  natural  NO7  flux  is  also  included  for  compari- 
son. These  data  show  that  the  calculated  flux  from  the  pelagic  fish 
factory  is  of  the  same  magnitude  as  the  natural  flux;  the  flux  from 
the  stock  fish  factory  is  <10%  of  this  magnitude,  and  the  contri- 
bution from  the  sewage  outflow  is  insignificant. 

Given  that  the  main  sources  of  nitrogen  loading  are  located  in 
Small  Bay  (Fig.  1).  these  data  suggest  that  this  part  of  the  system 
should  manifest  the  effects  of  enhanced  new  production  in  the 
form  of  elevated  primary  producer  biomass  relative  to  Big  Bay.  A 
symptom  of  this  enrichment  was  observed  in  the  summer  of  1993 
to  1994  in  the  form  of  an  Ulva  bloom  under  the  "■footprint"  of  the 
pelagic  fish  factory  plume  and  the  nitrogen  source  of  which  was 

TABLE  4. 

Natural  and  anthropogenic  fluxes  of  nitrogen  into  Saldanha  Bay. 

The  latter  fluxes  are  calculated  assuming  a  distribution  over  the 

whole  bay  area  of  56.5  km";  it  shows  that  the  nitrogen  flux  from  the 

pelagic  fish  factory  waste  is  comparable  to  the  natural  NOJ  flux  but 

that  other  potential  inputs  are  small. 


Nitrogen  Flux 

Input 

(mmol  m"-day  ') 

Sources 

Natural 

7.94 

This  study 

Pelagic  Fish  Waste 

8.24 

CSIR  1991 

Stock  Fish  Waste 

0.56 

Sea  Harvest  Fishing  Co. 

Sewage 

1.2  X  K)--* 

Saldanha  Municipality 
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isotopically  linked  to  the  same  effluent  (Anderson  et  al.  1996, 
Monteiro  et  al.  in  press).  The  same  effect  has  not  been  observed  in 
the  phytoplankton,  where  contrary  to  expectations,  the  biomass  in 
the  surface  layer  is  10-159r  lower  in  Small  Bay  than  in  Big  Bay 
(Pitcher  and  Calder  submitted). 

This  suggests  that  anthropogenic  nitrogen  flux  is  not  dis- 
charged directly  into  the  surface  layer,  where  it  would  add  on  to 
the  natural  nitrate  flux  through  the  thermocline  and  result  in  an 
approximate  doubling  of  the  phytoplankton  biomass  (Monteiro  et 
al.  in  press).  Rather,  the  nitrogen  waste,  which  is  largely  associated 
with  a  particulate  (<1  mm)  fraction,  is  deposited  in  the  benthic 
environment,  where  it  is  remineralized  into  NH4  (Fenchel  and 
Blackburn  1979).  The  resulting  benthic  flux  of  remineralized  NH4 
enriches  the  natural  subthermocline  reservoir  of  Dissolved  Inor- 
ganic Nitrogen  (DIN)  by  an  estimated  2-3  |jlM.  This  is  supported 
by  a  high-resolution  profile  of  NH4  from  Saldanha  Bay.  It  shows 
that  concentrations  of  NHj  below  the  thermocline  are  enriched  by 
4-5  |xM  relative  to  the  nitrogen-depleted  surface  layer  (Fig.  9). 
This  209(:  enrichment  of  the  subthermocline  waters  will  increase 
the  magnitude  of  the  nitrogen  gradient  and  result  in  a  increased 
nitrogen  flux  and  ultimately  on  the  measured  phytoplankton  bio- 
mass. This  is  consistent  with  the  observed  average  difference  in 
phytoplankton  biomass  between  Big  Bay  and  Small  Bay  (Pitcher 
and  Calder  1998). 


CONCLUSIONS 

This  study  has  provided  an  estimate  of  average  annual  new 
production  for  Saldanha  Bay  of  0.63  g  of  C  m"~  day"'  based  on 
two  independent  physical  models  for  the  transport  of  NO3  across 
the  thermocline.  This  average  value,  when  combined  with  the  mea- 
sured total  net  production  rate  of  3.40  g  of  C  m""  day"'  (Pitcher 
and  Calder  1998)  yields  an /ratio  of  0.19  which  is  close  to  the 
range  that  characterizes  '"'^N-based  estimates  from  the  southern 
Benguela  System.  Anthropogenic  sources  of  new  nitrogen  into  the 
system  were  shown  to  be  significant  in  the  magnitude  of  their 
fluxes  but,  because  of  their  pathway,  to  have  little  effect  on  the 
overall  new  production  estimate.  It  was  therefore  hypothesized  that 
new  production  in  Saldanha  Bay  is  physically  controlled  by  the 
stratification  dynamics  rather  than  by  the  total  load  of  new  nitro- 
gen introduced  into  the  bay.  In  this  respect,  both  physical  models 
are  suggested  to  provide  satisfactory  estimates  of  new  production 
in  Saldanha  Bay  in  the  period  of  the  study. 

However,  the  extent  to  which  the  estimated  new  production  is 
available  to  mussels  in  the  system  will  depend  on  the  as  yet  un- 
known extent  to  which  it  is  retained  within  the  bay  system  or 
exported  with  the  predicted  net  outflow  of  surface  layer  water. 
This  is  a  critical  unknown  that  is  the  subject  of  the  next  stage  of  the 
work. 
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ABSTRACT  Saldanha  Bay  is  a  semi-encK).sed  enibaynient  with  a  strong  link  to  the  highly  productive  Benguela  upwellnig  system. 
Almo.st  all  of  the  South  African  mussel  indu.stry  is  located  in  this  bay,  where  the  mussel  Mylilus  i^alliipwviiuicili.s  is  cultivated  on  ropes 
suspended  froin  rafts.  This  study  provides  an  estimate  of  phytoplankton  biomass  and  pnmary  productivity  within  the  bay.  parameters 
that  are  neces.sary  for  prediction  of  mussel  growth  rate  and  assessment  of  carrying  capacity.  It  further  examines  the  underlying 
mechanisms  controlling  phytoplankton  population  variability,  placing  emphasis  on  the  changing  physical  and  chemical  environment 
so  important  in  establishing  conditions  for  rapid  phytoplankton  growth  and  in  regulating  the  advective  renewal  of  seston  for  suspension 
feeders.  A  mean  water  column  chlorophyll  a  concentration  of  8.62  mg  m"'  was  measured,  and  daily  rates  of  production  ranged  from 
0.38  to  5.92  (mean.  3.40  g  of  C  m~"  day"').  Phytoplankton  variability  was  controlled  primarily  by  changes  in  the  physical  state  of  the 
bay  as  determined  by  inputs  of  energy  at  the  interfaces  with  the  coastal  upwelling  system  and  the  atmosphere.  At  the  coastal-bay 
interface,  upwelling  processes  on  the  shelf  determine  the  advective  transport  of  phytoplankton  and  the  input  of  nutrients  from  the 
coastal  upwelling  system.  These  horizontal  exchanges  ;ire  dictated  by  event-scale  fluctuations  in  wind  stress  and  barotropic  shelf  waves. 
At  the  atmosphere-bay  interface,  wind  stress  at  the  water  surface  determines  the  rate  of  entrainment  that  provides  the  nutrient  input 
into  the  euphotic  zone.  Enhanced  vertical  mixing  of  the  upper  water  column  breaks  down  stratification,  thereby  redistributing  the 
phytoplankton  population  within  the  water  column,  and  in  some  cases  resuspends  bottom  sediments,  thereby  altering  the  turbidity  and 
light  environment.  The  prominence  of  a  sometimes  intense  and  sharply  defined  subsurface  chlorophyll  maximum  during  periods  of 
thermal  stratification  was  established.  Lateral  transports  within  the  bay  are  also  determined  predominantly  by  wind-driven  circulation, 
which  dominates  tidally  driven  flow  in  most  instances. 

KEY  WORDS:     Phytoplankton  biomass.  primary  production,  mussel  farms,  Saldanha  Bay 


INTRODUCTION 

Saldanha  Bay  is  a  semi-enclosed  embayment  on  the  western 
coast  of  South  Africa  (Figure  1 )  with  a  maximum  depth  of  30  m  at 
the  entrance  to  the  bay.  In  1975.  it  was  separated  into  two  smaller 
bays.  Small  Bay  and  Big  Bay.  by  the  construction  of  an  iron-ore 
jetty.  Saldanha  Bay  is  linked  to  the  Benguela  upwelling  system  on 
its  western  side  and  feeds  Langebaan  Lagoon,  a  shallow  tidal  body 
of  water,  situated  at  the  southern  end  of  the  bay.  Few  sites  are 
suitable  for  mariculture  on  the  South  African  coast,  and  practically 
the  entire  mussel  industry  is  located  in  this  bay.  where  the  mussel 
Mylilus  gallciprovincialis  is  cultivated  on  ropes  suspended  from 
rafts.  In  1994,  the  marketable  mussel  yield  in  Saldanha  Bay  ex- 
ceeded 2,500  tons  (Heasman  1996),  and  the  potential  for  growth  of 
the  mussel  industry  is  in  contrast  with  that  of  the  fishing  industry, 
which  is  faced  with  static  or  reduced  quotas  (Du  Plessis  199.3). 
Saldanha  Bay  is  suitable  for  this  type  of  mariculture,  not  only 
because  it  offers  the  protected  waters  necessary  for  raft  cultivation, 
but  also  because  of  its  strong  link  to  the  highly  productive  West 
Coast  upwelling  system  (Shannon  and  Pillar  1986). 

Marine  bivalves  are  cultured  throughout  the  world,  and  in  many 
places,  the  culture  of  mussels  has  grown  exponentially  in  the  last 
decade.  Acceptable  culture  sites  are.  however,  limited  by  habitat 
suitability,  access,  and  competing  recreational  or  commercial  use 
(Grant  et  al.  1993).  Suspension  feeders,  such  as  mussels,  have  a 
remarkable  capacity  to  filter  the  water  column  and  to  deplete  the 
water  of  seston.  such  that  they  are  food  limited  at  high  culture 
density  (Navan'o  el  al.  1991).  As  available  culture  space  becomes 
filled  with  stock,  there  may  be  a  depression  of  individual  bivalve 
growth  rate  and  an  increase  in  mortality  caused  by  several  factors 


associated  with  overcrowding  (Grant  et  al.  1993).  Experience  in 
several  major  shellfish  production  centers  has  shown  that  exceed- 
ing the  carrying  capacity  leads  to  retarded  growth  rates,  slower 
recoveries  after  spawning,  and  lowered  resistance  to  disease,  all  of 
which  can  threaten  the  economic  viability  of  mariculture  ventures. 
Research  has  demonstrated  major  site  differences  in  mussel 
growth  rate,  confirming  that  environmental  conditions  can  regulate 
shellfish  production  and  that  bivalve  growth  can  be  predicted  as  a 
function  of  the  environment  (Grant  et  al.  1993).  A  means  to  predict 
the  ability  of  Saldanha  Bay  to  sustain  mussel  culture  was  therefore 
considered  essential  to  the  continued  development  of  the  shellfish 
industry,  and  a  research  program  was  initiated  to  determine  the 
carrying  capacity  of  the  bay  for  economic  mussel  farming.  In  our 
approach  to  the  assessment  of  carrying  capacity,  the  limiting  re- 
source for  filter-feeding  bivalves  was  ultimately  assumed  to  be 
suspended  food.  This  article  exainines  the  underlying  inechanisms 
controlling  phytoplankton  population  variability  in  Saldanha  Bay, 
placing  considerable  emphasis  on  the  changing  physical  and 
chemical  environment  so  important  in  establishing  conditions  for 
rapid  phytoplankton  growth  and  in  regulating  the  advective  re- 
newal of  seston  for  suspension  feeders.  The  study  also  provides  an 
estimate  of  phytoplankton  biomass  and  primary  productivity 
within  the  bay  necessary  for  prediction  of  mussel  growth  rate  and 
assessment  of  carrying  capacity. 

DATA 

Data  were  collected  from  a  monitoring  buoy  and  from  six  field 
studies  conducted  during  winter,  spring,  or  autumn  during  the 
period  1993  to  1995.  The  monitoring  buoy,  anchored  in  12  m  of 
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Figure  1.  Saldanha  Bay:  monitoring  buoy  (MB)  and  sampling  Stations 
SI  to  S28. 


water,  was  located  in  Small  Bay,  and  samples  for  the  analysis  of 
chlorophyll  (Chi)  a  were  collected  daily  at  1,6,  and  10  m  for  the 
period  from  July  1993  to  December  1994  (Fig.  I ).  Water  samples 
for  qualitative  assessment  of  the  phytoplankton  composition  were 
also  collected  daily  at  this  buoy.  These  samples  were  fixed  in 
neutralized  formalin  and  examined  by  means  of  an  inverted  mi- 
croscope. During  each  of  the  field  studies,  phytoplankton  spatial 
distributions  were  surveyed  by  sampling  a  grid  of  28  stations  (Fig. 
1 ).  At  each  of  these  stations,  profiles  of  temperature  and  in  situ  Chi 
fluorescence  were  obtained  by  means  of  a  submersible  Chelsea 
Instruments  Aquapack.  and  samples  for  the  analysis  of  Chi  a  were 
collected  from  l-m  depths.  Aquapack  profiles  were  also  conducted 
daily  at  the  monitoring  buoy  during  selected  field  studies.  For  the 
final  field  study,  samples  for  the  analysis  of  Chi  a  were  collected 
daily  at  0.5-m  intervals  by  means  of  a  fine-scale  discrete  water 
sampler  (Waldron  and  Probyn  1989).  Productivity  stations  were 
undertaken  at  the  site  of  the  monitoring  buoy  on  3  days  during 
each  field  study.  These  comprised  '''C  uptake  experiments  at  dis- 
crete depths,  corresponding  to  the  100,  50,  10.  and  1*  light  levels. 
Sample  depths  were  calculated  from  secchi  disc  measurements 
(Par.sons  et  al.  1977).  Samples  for  NO,  and  Chi  u  analysis  were 
also  collected  at  these  depths. 

Samples  for  NO3  were  analyzed  with  a  Technicon  Auto  Analy- 
ser II  (Mostert  1983),  and  Chi  a  was  measured  nuromelrically  in 
90%  acetone  extracts  with  correction  for  phaeopigments  (Holm- 
Hansen  et  al.  1965).  Primary  productivity  was  measured  by  the  '^C 
technique  of  Strickland  and  Parsons  (1972).  Three  light  and  one 
dark  sample  were  inoculated  with  10  ixCi  of  NaH'"'CO^  and  in- 
cubated in  situ  at  each  light  depth.  At  the  50  and  lOOf  light  depths, 
duplicate  samples  were  incubated  for  estimation  of  nanoplankton 
productivity.  After  4  h,  samples  were  filtered  onto  Whatman  GF/F 
filters  and  air  dried.  The  duplicate  samples  at  the  50  and  ]()%  light 
depths  were  first  filtered  through  a  l()-|xm-pore-sizc  filler,  thereby 
providing  estimates  of  nanoplankton  productivity.  Labeled  inor- 
ganic C  was  removed  by  fuming  over  concentrated  HCI  for  20  niin 
before  the  filters  were  placed  in  vials.  Instagel  scinlillalum  lluor 
was  added,  and  the  vials  were  vigorously  shaken  and  stored  in  the 
dark  for  counting  on  a  Beckman  Scintillation  Counter. 


RESULTS 

Chi  a  Time  Series 

Monthly  mean  concentrations  of  Chi  a  were  calculated  from 
daily  means  derived  from  water  column  integrals  of  Chi  n  at  the 
monitoring  buoy  for  the  period  from  July  1993  to  December  1994 
(Fig.  2).  There  was  a  general  increase  in  biomass  during  the  up- 
welling  season,  with  the  highest  Chi  a  concentrations  being  re- 
corded during  the  latter  part  of  the  upwelling  season.  For  the 
period  from  September  to  December,  mean  Chi  a  concentrations 
ranged  between  4  and  8  mg  m''',  and  for  the  period  from  January 
to  June,  concentrations  ranged  between  10  and  14  mg  m"\  The 
winter  period  during  which  phytoplankton  biomass  was  lowest  and 
mean  Chi  a  concentrations  were  <4  mg  m"'  was  confined  to  the 
month  of  July.  The  mean  water  column  Chi  a  concentration  for  the 
entuc  period  sampled  was  8.62  mg  m""\  Blooms  of  the  photosyn- 
thetic  ciliate  Mesodiniuni  lubrum  were  responsible  for  dramatic 
increases  in  phytoplankton  biomass  during  August  in  both  1993 
and  1994.  Diatoms  were  a  common  component  of  the  netplankton 
in  spring  and  early  summer,  but  dinotlagellates  dominated  in  late 
summer  and  autumn. 

Phytoplankton  biomass  during  the  upwelling  season,  although 
generally  high,  was  accompanied  by  considerable  variability  (Fig. 
2),  the  frequency  of  which  implicated  synoptic  scale  forcing.  A 
lime  series  of  daily  profiling  of  temperature  and  //;  ,v///(  tluores- 
cence  at  the  monitoring  buoy  for  the  period  from  November  21  to 
December  I  1994  (Fig.  3).  and  a  similar  time  series  of  temperature 
and  Chi  a  concentration  for  the  period  March  16-24.  1995  (Fig.  4). 
provided  insight  into  the  hydrography  responsible  for  this  variabil- 
ity. Upper  mixed-layer  dynamics  and  the  intrusion  of  cold  bottom 
water  into  Saldanha  Bay  after  intermittent  upwelling  events  on  the 
shelf  were  of  paramount  importance.  A  sometimes  intense  and 
sharply  defined  subsurface  Chi  maximum  (Chl^,;,^)  was  estab- 
lished during  periods  of  thermal  stratification. 

During  the  first  time  series  (Fig.  3).  the  entire  water  column 
was  initially  (November  21-23)  characterized  by  warm  water  of 
relatively  low  phytoplankton  biomass.  However,  a  subsurface  bio- 
mass maximum  was  found  to  develop  (November  24  to  December 
I )  with  the  establishment  of  vertical  stratification  subsequent  to  the 
penetration  of  cc)ld  bottom  water  into  the  bay  and  the  sun  warming 
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Kigui-e  2.  Montlily  means  of  C'hl  a  calculated  from  daily  means  de- 
rived frnni  «aler  eolumn  inteyrals  at  the  monitoring  buoy  for  the 
period  hom  ,Iuh  IW.<  to  December  l'W4  (means  are  presented  as 
points  inside  the  box.  standard  errors  are  presented  as  the  box,  and 
standard  deviations  around  the  mean  are  presented  as  whiskers  I. 
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Figure  3.  Daily  time  series  of  (al  sea  temperature  (  C)  and  (h)  in  silii 
Chi  fluorescence  as  profiled  with  a  Chelsea  Instruments  Aquapack  at 
the  monitoring  buov  for  the  period  from  November  21  to  December  1, 
1994. 


of  surface  water.  This  biomass  maximum  appeared  to  increase 
with  shoaling  and  intensification  of  the  thermocline  (November  30 
to  December  1 ). 

During  the  second  time  series  (Fig.  4),  a  well-established  sub- 
surface Chl,,,^^  was  initially  (March  16-17)  observed  during  a 
period  of  thermal  stratification.  Subsequent  (March  18-19)  cooling 
of  the  surface  water  and  warming  of  bottom  water  indicated  mix- 
ing, thereby  eroding  the  subsurface  Chl,,,.,^  and  redistributing  the 
phytoplankton  population  within  the  upper  mixed  layer.  The  sub- 
surface Chl,,,^^  reestablished  (March  20-24)  in  the  region  of  the 
thermocline,  as  the  water  column  again  stabilized,  after  the  intru- 
sion of  cold  bottom  water  and  warming  of  the  surface  water. 

Spatial  Distribution  of  Chi  a 

Sampling  of  Stations  SI  to  S28  often  revealed  considerable 
spatial  variation  in  the  phytoplankton  biomass  within  Saldanha 
Bay.  Temperature  and  in  situ  Chi  fluorescence  profiles  conducted 
at  these  stations  on  November  29,  1994.  depict  a  typical  spring  or 
summer  situation  when  winds  from  the  south  predominate  along 
the  long  axis  of  the  bay  (Fig.  5).  Small  Bay  was  characterized  by 
warmer  water  and  lower  phytoplankton  biomass.  The  southeastern 


Figure  4.  Daily  time  series  of  (a)  sea  temperature  (°C')  and  (b)  Chi  a  at 
the  monitoring  buoy  for  the  period  from  March  16  to  24,  1995. 


Figure  5.  Spatial  distribution  of  (a)  sea  surface  temperature,  (b)  sur- 
face in  situ  Chi  fluorescence,  and  (c)  in  situ  Chi  fluorescence  at  the 
subsurface  maximum  as  measured  with  a  Chelsea  Instruments  Aqua- 
pack  on  November  29,  1994. 


parts  of  Big  Bay  were,  on  the  other  hand,  characterized  by  cooler 
water  and  higher  phytoplankton  biomass.  The  higher  biomass  in 
Big  Bay  was  particularly  evident  in  the  subsurface  layer. 

A  vertical  section,  extending  from  the  northern  to  the  south- 
eastern shores  of  Saldanha  Bay.  of  temperature  and  in  situ  Chi 
fluorescence  on  November  29.  1994,  further  demonstrated  the  as- 
sociation of  the  subsurface  Chl,,,,^  with  the  thermocline  (Fig.  6). 
An  accumulation  of  warm  water  and  a  deepening  of  the  ther- 
mocline in  Small  Bay  was  associated  with  reduced  /((  situ  fluores- 
cence. In  Big  Bay,  a  shallowing  of  the  thermocline  and  enhanced 
mixing  in  the  upper  water  column  was  responsible  for  higher  phy- 
toplankton biomass. 

A  composite  of  surface  Chi  a  concentrations  obtained  from  the 
17  occasions  on  which  the  grid  of  Stations  SI  to  S28  was  sampled 
indicated  that  the  shallows  of  Small  Bay  and  the  entrance  to 
Langebaan  Lagoon  were  characterized  by  lower  biomass  (Fig.  7). 
For  the  remainder  of  the  bay,  mean  surface  Chi  a  concentrations 
varied  between  5  and  1 1  mg  m"''.  Although  Small  Bay  was  domi- 
nated by  Chi  a  concentrations  <9  mg  nr\  a  considerable  portion 
of  Big  Bay  was  characterized  by  concentrations  >9  mg  m"^. 

Phytoplankton  productivity 

Productivity  measurements  were  undertaken  on  3  days  during 
each  of  the  six  field  studies. 
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Figure  6.  A  vertical  section  extending  from  the  northern  shore  to  the 
southeastern  shore  ofSaldanha  Bay  of  la)  sea  temperature  (  C)  and  lb) 
in  situ  Chi  fluorescence  as  profiled  with  a  Chelsea  Instruments  Aqua- 
pack  on  November  29,  1994. 

1993  to  1994 

During  the  first  year  of  study,  typically  winter  conditions  were 
encountered  during  the  July  to  August  field  study  iFig.  8).  The 
water  column  was  well  mixed  with  little  vertical  structure.  Inter- 
mediate temperatures,  between  14  and  15°C.  were  evident 
throughout  the  water  column,  and  NO,  concentrations  exceeded  8 
mmol  m"''.  Chi  a  concentrations  were  all  less  than  4  nig  m"\  and 
the  highest  productivity  estimates  approximated  27  ms  of  C  m~' 

ir'. 

During  the  December  field  study,  the  water  column  was  strati- 
fied. Surface  water  temperatures  exceeded  1 VC  and  were  depleted 
of  nutrients.  Bottom  water  temperatures  declined  below  IO°C.  and 
NO,  concentrations  in  excess  of  20  mmol  m"'  were  measured.  Chi 
a  concentrations  and  productivity  estimates  were  generally  hjgher. 
with  maximum  values  approximating  18  mg  m"'  and  92  mg  of  C 
m""*  h~',  respectively.  There  was  a  tendency  for  these  maxima  to 
be  subsurface. 

In  March,  during  the  latter  part  of  the  upwelling  season,  the 
entire  water  column  was  warmer;  bottom  temperatures  exceeded 
13°C  and  surface  waters  attained  18°C.  NO,  concentrations  were 
<1  mmol  m"'.  Chi  a  and  productivity  estimates  were  high,  with 
maxima  of  19  mg  m"'  and  1.^8  mg  of  C  m"'  h"',  respectively,  both 
of  which  were  subsurface. 

1994  to  1995 

During  August  of  the  second  year  ol  study  ll'ig.  9),  surface 
temperatures  between  \?i  and  I4"C  and  bottom  temperatures  as 
low  as  I  I  C  indicated  early  stratification.  NO,  concentrations  ex- 
ceeding 4  mmol  m"'  and  Chi  a  concentrations  as  high  as  26  mg 
m  '  were  responsible  for  the  highest  single  productivity  estimate 
of  181  mg  of  C  m   '  h   '. 

By  November,  surlace  waters  had  warmed  considerably  to 
>I8"C  and  intrusions  of  cold  bottom  water  of  <!()('  were  respon- 
sible for  intense  stratification.  NO3  concentrations  were,  as  ex- 
pected, depleted  in  the  surface  waters  but  exceeded  10  mmol  m"^ 
in  bottom  waters,  (hi  u  concentrations  ranged  between  6  and  12 
mg  m"'  through  the  entire  water  column,  and  a  maximum  pinduc- 
livity  estimate  of  I  I.*;  mg  of  C  m ""  h   '  was  recorded. 

In  March,  conditions  were  somev\hal  similar  to  those  in  No- 


vember, although  surface  temperatures  had  already  declined  to 
<16°C.  Surface  waters  were  depleted  of  NO,,  but  concentrations 
exceeding  14  mmol  m"''  were  recorded  in  bottom  waters  in  which 
temperatures  declined  to  <l  I'C.  Generally,  higher  Chi  a  concen- 
trations, ranging  between  6  and  18  mg  m~^,  were  responsible  for 
marginally  higher  productivity  estimates,  with  a  maximum  esti- 
mate of  156  mg  of  C  m"'  h   ' 

Productivity  station  photic  depths  and  photic  zone  integrals  of 
Chi  a.  primary  productivity,  and  productivity  normalized  to  bio- 
mass  are  given  in  Table  1 .  A  mean  photic  zone  Chi  a  concentration 
of  8.3  mg  m""*  was  calculated  from  the  mean  photic  zone  integral 
of  Chi  a  of  66.17  mg  m  "^  and  the  mean  photic  zone  depth  of  8.0 
ni.  The  mean  photic  zone  integrals  of  productivity  and  P*^  were 
.%-19S  mg  of  C  m"-  h"'  and  6.25  mg  of  C  mg  of  Chi  cr'  h  ', 
respectively, 

Nano  \  ersus  Netplankton  Productivity 

At  each  productivity  station,  estimates  of  production  for  the 
<I0  |xm  fraction  of  the  phytoplankton.  the  nanoplankton.  were 
determined  from  duplicate  incubations  at  the  50  and  lO'/r  light 
depths  (Fig.  10).  Nanoplankton  productivity  tended  to  vary  within 
narrow  limits,  the  variation  and  peaks  in  productivity  being  there- 
fore primarily  attributable  to  the  netplankton.  During  the  upwelling 
season,  the  average  contribution  of  nanoplankton  productivity  to 
total  productivity  was  ]}%.  whereas  during  the  winter  studies 
when  productivity  was  generally  lower,  the  contribution  of  nano- 
plankton productivity  to  total  productivity  averaged  44 Vf. 

Primary  Productivity  Normalized  to  Biomass 

Stations  were  characterized  by  rapid  rates  of  primary  produc- 
tivity. Values  for  production  normalized  to  biomass  (?")  varied  by 
almost  an  order  of  magnitude  and  for  some  stations  were  excep- 
tionally high  (Fig.  1 1 ).  Although  P"^  values  declined  at  the  ]%  light 
level,  they  were  not  particularly  well  correlated  with  the  percent 
surface  iiradiance.  This  poor  correlation  is  most  likely  primarily 
attributable  to  the  day-to-day  variability  of  incident  light,  not  re- 
flected when  expressed  as  a  percentage  of  the  surface  irradiance. 


I'igure  7.  A  composite 
Bav  derived  from  the 
occasions. 
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THMPERATURECO  10       12       14       16       18      20      22 
Chi  a  (mg  •  cii-3)  3        6         9        12       15      18      21 

NITRATE  (mmol  •  ni-3)  3        6         9        12       15      18       21 
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3        6        9        12       15       18       21 
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3  6  9  12  15  18  21 
3        6         9       12       15       18      21 


Figure  8.  Profiles  of  priniar>  producti\itv  iPPi  as  relaled  to  temperature,  NO,  concentration,  and  t'lil  a  concentration. 


V\iihin  the  upper  photic  zone,  P"  ratios  from  discrete  depths  t)tten 
approached  the  theoretical  maximuiTi  of  25  mg  of  C  mg  of  Chi  ^r' 
h"'  (Falkowski  1981 1.  These  particularly  high  P"  values  of  >15 
mg  of  C  mg  of  Chi  o"'  h  '  were  recorded  during  spring  blooms  of 
small  diatoms. 

The  P-I  equation  of  Piatt  et  al.  ( 1980)  was  used  to  model  the 
results; 


P.  (1 


(e 


i-pi/p.i 


(1) 


where  P,"  is  the  instantaneous  rate  of  photosynthesis  normalized  to 
Chi  a  at  irradiance  I:  P.,  is  the  maximum  rate  of  photosynthesis;  a 
is  the  initial  slope  of  the  P-I  curve,  and  3  is  a  parameter  to  char- 
acterize photoinhibition.  An  average  P^  estimate  of  9.24  mg  of  C 
mg  of  Chi  (/  '  h   '  for  the  photic  zone  was  established  from  the 


20 


Pitcher  and  Calder 


PRIMARY  PRODUCTIVITY  (mg  C  •  m-3  •  h') 
30   60   90  120  160  180  210      30   60   90  120  150  180  210 30   60   90  120  150  180  210 


9  f  I       I       I       I      I 


."  Temp, 


6  Aug.  94 


,  ^^  O 


10 


^M 


8  Aug.  94 


1^^ 


t^^ 


m 


...■■  28  No«  94 


10  Aug.  94 


i^!y':Mi 


17  Mar.  95 


19  Mar.  95 


TEMPERATURE  ( X)  10  12  14  16  IB  20  22 
Chi  3  (nigTn-3)  3  6  9  12  15  18  21 
NITRATE  (mmol'tn-S)  3    6   9   12   15   18   21 


10  12  14  16  18  20  22 
3  6  9  12  15  18  21 
3    6    9   12   15   18   21 


10  12  14  16  18  20  22 
5  6  9  12  15  18  21 
3    5    9   12   15   18   21 


Figure  9.  Profiles  of  primary  productivity  (PP)  as  related  to  temperature,  NO,  concentration,  and  (hi  a  concentration. 


photic  zone  integral  of  productivity  norniaji/ed  to  hiomass  derived 
from  the  above  P-1  equation. 

Daily  Productivity 

Estimates  of  daily  productivity,  corrected  for  respiration,  were 
calculated  by  multiplying  the  hourly  production  rate  by  a  factor  F 
=  d  -  R  •  n.  where  d  is  the  number  of  effective  daylight  hours  (i.e.. 


davlight  hours  less  I  hour  each  at  sunrise  and  sunset),  R  is  the 
hourly  rate  of  respiration  (assumed  to  be  lO'^'r  of  the  hourly  pro- 
duction during  daylight),  and  n  is  the  number  of  night  hours. 

Daily  rates  of  production  calculated  in  this  way  for  each  of  the 
productivity  stations  conducted  during  this  study  ranged  from  0..^8 
to  5.92  (mean.  .^.40  g  of  C  m""  day"')  (Fig.  12).  Although  there 
was  an  apparent  seasonal  trend,  with  a  tendency  for  lower  esti- 
mates durinc  winter,  considerable  variabilitv  durinu  most  field 
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TABLK  I. 
Productivity  station  photic  depth  and  photic  zone  integrals  of  Chi  a,  priniurv  prodiictl\lty.  and  productivity  normalized  to  biomass. 


Date 


Photic  Depth 

Chi  a 

Productivitv 

(m) 

(mg  m"") 

(mg  of  C  m""  h"') 

9.5 

10.8 

66.3 

9.5 

23.3 

106.9 

6.8 

14.9 

54.5 

7.6 

60.6 

45S.2 

7.0 

22.(1 

339. 1 

9.8 

3S.() 

.343.7 

6.2 

77.1 

427.6 

8.1 

65.7 

493.1 

7.5 

104.1 

626.6 

9.2 

48.1 

183.5 

12.1 

83.2 

259.6 

9.2 

161.0 

495.9 

5.4 

45.2 

285.5 

6.8 

48.4 

404.2 

6.0 

60.4 

492.8 

7.5 

109.9 

237.6 

7.5 

123.5 

670.7 

7.5 

94.8 

603.9 

(mgof  C  mgof  Chi'  h"') 


Jul>  31,  1993 
August  2.  1993 
August  4.  1993 
December    S.  1993 
Decemher  10.  1993 
December  13.  1993 
March  13.  1994 
March  15,  1994 
March  17.  1994 
August    6.  1994 
August    8,  1994 
August  10,  1994 
November  23,  1994 
November  28.  1994 
November  30,  1994 
March  17.  1995 
March  19,  1995 
March  22.  1995 


6.2 
4.6 
3.7 
7.6 
15.4 
9.0 
5.6 
7.5 
6.0 
3.8 
3.1 
3.1 
6.3 
8.4 
8.2 
2.2 
5.4 
6.4 


studie.s  indicated  the  importance  of  forces  at  the  event  scale  in 
dictating  variation  in  primary  productivity. 

Alternately,  an  hourly  rate  of  production  of  79.46  mg  of  C  m" ' 
h"'  for  the  photic  zone  was  calculated  from  the  P"  estimate  of  9.24 
mg  of  C  mg  of  Chi  a''  h~'  derived  from  the  P-l  equation  of  Piatt 
et  al.  (1980)  and  the  mean  water  column  Chi  a  concentration  of 
8.62  mg  m"\  Assuming  a  mean  photic  zone  depth  of  8.0  m  and  an 
average  daylength  of  12  h.  this  translates  to  a  daily  rate  of  pro- 
duction of  3.48  g  of  C  111""  day"'.  As  a  result  of  the  poor  corre- 
lation of  P'*  with  relative  surface  irradiance  (Fig.  1 1 ).  the  former 
estimate  of  daily  productivity  of  3.40  g  of  C  m~"  day"'  was  con- 
sidered more  reliable. 

DISCUSSION 

Saldanha  Bay  is  a  semi-enclosed  system  exposed  to  a  hierarchy 
of  physical  forcing  functions.  Although  tidal  influences  are  appar- 


ent under  light  wind  conditions,  Saldanha  Bay  is  predominantly 
wind  driven  (Bilski  1996),  as  is  the  adjacent  upwelling  system 
(Shannon  et  al,  1990),  These  winds  have  diurnal  variability  (Jury 
et  al.  19851  and  an  energetic  synoptic  scale  signal  (Nelson  and 
Hutchings  1983),  as  well  as  seasonal  and  interannual  variation 
(Shannon  et  al,  1990), 

In  winter,  the  water  column  is  vigorously  mixed  and  therefore 
approximately  isothermal,  with  high  nutrient  availability  but  little 
biological  productivity.  Under  these  circumstances,  the  suspension 
of  particles  results  in  a  turbid  habitat  in  which  phytoplankton 
growth  is  likely  to  be  limited  by  the  availability  of  sunlight  to 
sustain  photosynthesis.  During  the  upwelling  months,  however, 
the  water  column  can  become  highly  stratified,  because  intermit- 
tent upwelling  on  the  shelf  causes  a  cold  lower  layer  to  penetrate 
into  the  bay.  which  together  with  sun  warming  of  surface  water, 
enhances  stratification  (Monteiro  et  al.  1998).  A  nutrient-depleted 
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Figure  10.  Mean  nano  and  total  productivity  as  measured  at  the  50  and  10%  surface  irradiance  levels  for  the  winter  (W),  summer  (S),  and 
autumn  (A)  periods  of  study  during  1993,  1994,  and  1995  (ranges  are  presented  around  the  mean  as  whiskers). 
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Figure  11.  Primary  productivity  normalized  to  biomass  (P")  as  measured  at  tlie  100,  50,  10,  and  1%  surface  irradiance  levels. 


upper  layer  is  therefore  typically  found  overlying  a  nutrient-rich 
lower  layer  because  the  thermocline  never  upwells  to  the  surface 
of  the  bay  and  there  are  essentially  always  two  layers  to  the  system 
during  the  upwelling  season  (Monteiro  et  al.  1998).  This  strong 
vertical  stratification  effectively  isolates  phytoplankton  in  a  shal- 
low surface  layer  in  which  the  mean  surface  inadiance  is  much 
higher  than  the  irradiance  averaged  over  the  entire  water  column. 
Also,  the  1%  light  penetration  depth  in  Saldanha  Bay  during  the 
upwelling  season  was  typically  deeper  than  the  upper  mixed-layer 
depth,  indicating  a  stratified  photic  zone  penetrating  below  the 
thermocline.  As  a  result,  the  net  growth  rate  of  the  phytoplankton 
in  the  surface  layer  increases  after  the  establishment  of  vertical 
statification.  The  necessary  flux  of  nutrients  into  the  upper  layer  to 
sustain  this  growth  will  occur  when  the  turbulent  upper  layer  en- 
trains nutrient-rich  lower-layer  water  across  the  thermocline  (Mon- 
teiro et  al.  1998).  This  process  will  occur  when  the  wuid  is  suffi- 
ciently strong  to  deepen  the  upper  mixed  layer,  thereby  entraining 
colder  water  from  below.  The  rate  of  this  entrainment  is  directly 
proportional  to  the  wind  stress.  In  addition  to  enriching  the  surface 


water,  this  process  redistributes  the  phytoplankton  population 
throughout  the  water  column.  Local  wind-induced  turbulent  mix- 
ing is  therefore  a  key  physical  process  determining  the  vertical 
fluxes  of  heat  and  the  vertical  distribution  of  nutrients  and  phy- 
toplankton. 

During  the  upwelling  season,  a  sometimes  intense  and  sharply 
defined  subsurface  phytoplankton  maximum  develops  in  associa- 
tion with  the  thermocline.  The  productivity  maximum  (P,,,.,^)  in 
some  instances  con'esponded  lo  this  biomass  maximum,  but  in 
other  instances,  P,„ ,^  was  foimd  above  the  subsurface  Chl,,,,,^.  The 
formation  and  persistence  of  subsurface  biomass  maxima  may  be 
ascribed  to  a  number  of  potential  mechanisms,  including  changes 
in  cellular  Chi  a,  behavioral  responses  of  motile  phytoplankton, 
accumulation  at  a  density  interface,  reduced  grazing  pressure,  sta- 
bility effects,  and  enhanced  growth  at  the  nutricline  (Jamart  el  al. 
1977,  Cullen  1982).  Clearly,  different  mechanisms  will  be  impor- 
tant under  different  conditions  and  it  is  highly  probable  that  a 
number  of  factors  act  in  concert  to  determine  observed  biomass 
profiles.  In  Saldanha  Bay.  it  would  appear  that  subsurface  maxima 
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Figure  12.  Mean  daily  estimates  of  productivity  for  the  v\inter  (W),  spring  (S),  and  autumn  (A)  periods  of  study  during  I'W.^.  1994,  and  IW5 
(ranges  are  presented  around  the  mean  as  whiskers). 
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are  established  as  a  result  of  accumulation  in  the  region  of  the 
thermocline  after  a  reduction  in  local  wind  stress  and  turbulent 
mixing.  The  location  of  the  Chl,,,,^  at  the  nitracline.  above  the  \^,i 
light  level,  establishes  the  potential  for  ;/)  siiii  growth  as  a  mecha- 
nism for  sustaining  the  Chl,,,.^.^.  Under  these  circumstances,  pri- 
mary productivity  in  the  subsurface  Chl„,,^  could  account  for  a 
significant  proportion  of  the  total  water  column  production  and 
winild  therefore  be  an  important  site  for  nitrate-based  new  produc- 
tion, as  defined  b\  Dugdale  and  Goering  ( 1967).  In  this  instance, 
the  Chl,„,^  will  function  as  an  effective  nutrient  trap  (.lamart  et  al. 
1977),  restricting  the  diffusive  invasion  of  nutrients  into  the  mixed 
layer,  while  continually  eroding  the  nitracline  downward,  provid- 
ing sufficient  light  is  available. 

After  upwelling  on  the  shelf  and  the  penetration  of  cold  bottom 
water  into  Saldanha  Bay.  the  shallowing  of  the  thermocline  results 
in  an  outflow  of  surface  water  and  an  advective  loss  of  phytoplank- 
ton  from  the  bay  (Monteiro  et  al.  1998).  On  the  other  hand,  during 
periods  of  relaxation,  the  wedge  of  cold  bottom  water  retreats, 
favoring  the  advective  introduction  of  coastal  blooms  into  the  bay. 
The  relaxed  phase  of  the  upwelling  cycle  therefore  serves  as  a 
mechanism  by  which  coastal  surface  red-tide  blooms,  a  serious 
threat  to  (he  mussel-farming  industry,  can  be  lapidly  imported  into 
the  bay  (Pitcher  et  al.  1996a). 

Previous  measurements  of  Chi  a  concentrations  in  Saldanha 
Bay  reported  by  Henry  et  al.  (1977)  and  Monteiio  and  Brundrit 
(1990)  are  within  the  range  of  jiieasurements  made  during  this 
study.  However,  the  mean  water  column  concentration  of  Chi  (( 
(8.62  mg  m"-')  calculated  in  this  study  is  considerably  higher  than 
the  mean  levels  of  2.86  and  2.15  mg  m""*  reported  by  Brown  and 
Cochrane  (1991)  and  Brown  et  al.  (1991).  respectively,  for  the 
adjacent  coastal  upwelling  system.  These  studies,  however,  re- 
ported mean  Chi  a  concentrations  for  the  upper  30  m  of  the  water 
column  and  were  not  confined  to  the  inshore  region,  but  included 
all  measurements  within  the  500-m  depth  contour. 

The  daily  rates  of  production  calculated  during  this  study 
(range.  0.38-5.92;  mean.  3.40  g  of  C  m~-  day"' )  are  notably  higher 


than  the  estimates  of  Henry  et  al.  ( 1977)  for  Saldanha  Bay.  which 
ranged  from  0.86  to  3.30  (mean,  1.75  g  of  C  m""  day"').  Our 
estimates  are.  however,  similar  to  most  other  estimates  of  produc- 
livity  in  the  southern  Benguela  ecosystem.  For  example,  off  the 
Cape  Peninsula,  in  waters  ranging  from  recently  upwelled  to  aged 
upwelled  water,  daily  production  rates  varied  between  0.94  and 
7.50  g  of  C  m""  day"'  (mean.  3.47  g  of  C  m""  day"')  (Brown  et 
al.  in  press).  In  a  time  series  study  conducted  over  27  days  in  St. 
Helena  Bay.  daily  productivity  ranged  from  0.99  to  7.85  g  of  C 
m^~  day"'  (jiiean,  3.27  g  of  C  m""  day"')  (Mitchell-Innes  and 
Walker  1991).  and  in  Elands  Bay.  a  small  exposed  bay  situated 
north  of  Saldanha  Bay.  a  phytoplankton  biomass  nutrient  con- 
sumption equation  provided  a  production  estimate  of  3.92  g  of  C 
m"~  day"'  (Pitcher  et  al.  1996b).  Our  mean  estimate  of  daily 
phytoplankton  productivity  in  Saldanha  Bay  is  almost  identical  to 
the  mean  of  3.47  g  of  C  m""  day"'  reported  by  Brown  et  al.  (1991) 
and  is  derived  from  all  production  measurements  conducted  on  the 
West  Coast  of  the  southern  Benguela. 

CONCLUSION 

Saldanha  Bay  is  a  highly  productive  system  providing  a  food 
environment  and  temperature  regime  optimal  for  the  farming  of 
the  mussel  M.  galloprovincialis.  Mussel  growth  rates  measured  in 
Saldanha  Bay  are  therefore  presently  among  the  highest  in  the 
world  (Heasman  et  al.  1998). 

The  proximal  agents  of  phytoplankton  dynamics  in  Saldanha 
Bay  are  changes  in  the  physical  state  of  the  bay  as  determined  by 
inputs  of  energy  at  the  interfaces  with  the  coastal  upwelling  system 
and  the  atmosphere.  Two  physical  forcings  and  the  interaction  of 
these  forcings  are  of  primary  inipo)'tance  in  controlling  phy- 
toplankton population  variability  in  Saldanha  Bay  (Fig.  13).  At  the 
coastal-bay  interface,  upwelling  processes  on  the  shelf  determine 
the  advective  transport  of  phytoplankton  and  the  input  of  nutrients 
from  the  coastal  upwelling  system.  These  horizontal  exchanges  are 
dictated  by  event-scale  fluctuations  in  wind  stress  and  barotropic 


Figure  1.1.  .\  diagram  of  the  physical  forcings  that  operate  at  the  interface  between  Saldanha  Bay  and  the  coastal  upHclling  system  and  the 
atmosphere  during  the  upwelling  season:  (A)  wind-dominated  circulation  responsible  for  the  lateral  transport  of  phytoplankton  blooms;  (B) 
rcsuspension  of  bottom  sediments  and  a  resultant  modification  of  turhiditv :  ((')  turbulent  mixing  and  erosion  of  the  thermocline  responsible  for 
the  entrainment  of  nutrients  and  the  vertical  redistribution  of  phytoplankton  populations;  (D)  advective  import/export  of  phytoplankton  blooms; 
and  (E)  the  flux  of  nutrient-rich  bottom  water. 
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shelf  waves  that  may  or  may  not  be  in  phase  with  these  wind 
events  (Nelson  pers.  comm.).  At  the  atmosphere -bay  interface, 
wind  stress  at  the  water  surface  determines  the  rate  of  entrainment 
that  provides  the  nutrient  input  into  the  euphotic  zone  of  Saldanha 
Bay.  Enhanced  vertical  mixing  of  the  upper  water  column  breaks 
down  stratification,  thereby  redislributint:  the  phytoplankton  popu- 
lation within  the  water  column  and.  m  some  instances,  resuspend- 
ing  bottom  sediments,  therefore  altering  the  turbidity  and  light 
environment.  Lateral  transports  within  the  bay  are  also  determined 
predominantly  by  wind-driven  circulation,  which  dominates  tid- 
ally  driven  flow  in  most  instances. 

Although  this  study  places  great  emphasis  on  the  changing 
physical  and  chemical  environment  as  a  mechanism  of  phy- 
toplankton population  changes,  it  is  important  to  remember  that  the 


plankton  species  in  .Saldanha  Bay  show  behavioral,  biochemical, 
and  life-history  adaptations  to  the  physical  and  chemical  variabil- 
ity characteristic  of  this  bay.  It  is  these  capabilities  of  adaptation 
that  are  responsible  for  the  seasonal  dominance  of  particular  taxo- 
nomic  groups  and,  for  example,  the  high  biomass  blooms  of  the 
photosynthetic  ciliate  M.  nihniiu  in  August  each  year. 
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SHELLFISH  MARICULTLRE  IN  THE  BENGUELA  SYSTEM:  WATER  FLOW  PATTERNS 
WITHIN  A  MUSSEL  FARM  IN  SALDANHA  BAY,  SOUTH  AFRICA 
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ABSTHiCT  The  water  flow  rates  w ilhin  mussel  rafts  in  Saldanha  Bay  were  measured  and  related  to  hydrodynamic  forcing  (in  terms 
of  ambient  flow  in  the  farm)  and  raft  specifications.  Currents  within  and  in  the  vicinity  of  the  mussel  farm  were  highly  variable  in  speed 
and  direction  and  were  subject  to  wind  and  tidal  forcing,  as  well  as  bay  resonances.  The  rafts  affected  the  water  flow  in  three  ways: 
most  of  the  flow  diverged  around  a  raft:  within  a  raft,  the  flow  tended  to  align  along  one  of  its  major  axes;  and  within  the  raft,  the  water 
was  retarded.  Retardation  appeared  to  depend  on  ambient  flow  speed  and  was  statistically  related  to  mussel  rope  spacing.  Velocities 
of  7.5  cm/s  and  1.25  cm/s  within  the  farm  and  rafts,  respectively,  are  suggested  as  the  most  appropriate  values  for  calculating  the  food 
supply  rates  required  by  associated  studies.  The  effect  of  a  similar  farm  on  downstream  advection  velocities  is  modeled  considering 
a  uniform  flow,  and  possible  future  ad\ection  limitations  on  a  designated  new  lease  area  are  discussed. 
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INTRODUCTION 

Saldanha  Bay  is  a  largely  enclosed  embayment  of  66  km"  on 
South  Africa's  West  Coast  (Fig.  1 ).  It  is  connected  on  its  western 
side  to  the  energetic,  productive  Benguela  upwelling  system 
(Shannon  1985)  by  a  mouth  2  km  wide.  5  km  long,  and  30  m  deep 
through  which  there  is  a  net  input  of  cool,  nutrient-rich  water  at 
depth  (Monteiro  and  Spolander  submitted).  This  water  is  mixed 
upward  within  the  bay  and  is  responsible  tor  high  levels  of  primary 
productivity  there  (Pitcher  and  Calder  submitted).  At  its  southern 
end.  Saldanha  Bay  feeds  Langebaan  Lagoon,  a  shallow  expanse  of 
approximately  20  km".  The  bay  itself  was  divided  into  two  parts  by 
the  construction  of  a  3-km-long  industrial  jetty  in  1975  (Small  Bay 
in  the  north  with  an  area  of  14  kin"^  and  Big  Bay  to  the  south  with 
an  area  of  52  km"  [Fig.  1]).  Flow  through  the  final  kilometer  of  the 
jetty  is  only  partially  restricted. 

Saldanha  Bay  is  subject  to  physical  forcing  on  various  scales. 
Strong  bay  resonances  of  between  20  and  90  min  have  been  mea- 
sured (this  study;  see  Fig.  3),  and  there  is  a  diurnal  tidal  forcing  the 
amplitude  of  which  varies  considerably  depending  on  location. 
The  strongest  tidal  currents  are  found  adjacent  to  Langebaan  La- 
goon (1  m/s)  and  in  the  mouth  (0.3  m/s)  (Shannon  and  Slander 
1977.  Boyd  and  Spolander  unpubl.).  However,  wind  forcing  is 
dominant  over  most  of  the  bay  (Weeks  el  al.  1991.  Bilski  1996). 
Because  of  the  strong  stratification  that  is  present  in  most  months 
(Heasman  1996).  the  surface  layer  is  most  affected.  The  winds  are 
mainly  orientated  along  the  long  axis  of  the  bay  and  have  diurnal 
variability  (Jury  19S5).  as  well  as  an  energetic  synoptic  scale  sig- 
nal (Nelson  and  Hutchings  1983).  A  further  forcing  factor  is  the 
passage  of  barotropic  shelf  waves  southward  along  the  coast  that 
may  or  may  not  be  in  phase  with  the  local  wind  forcing  (Nelson 
pers.  comm.).  There  is  also  the  periodic  advection  of  surface  water 
from  the  coastal  regions  through  the  mouth  of  Saldanha  Bay  (Lam- 
berth  and  Nelson  1987).  Such  intrusions  could  bring  chlorophyll- 
rich  water  into  the  bay  (consistent  with  the  Costal  Zone  Colour 
Scanner  (CZCS)  images  of  Shannon  et  al.  1985)  but  also  toxic  red 
tides,  as  occurred  in  March  1994  (Heasman  1996.  Pitcher  and 
Calder  submitted). 

The  site  of  this  study,  the  Sea  Harvest  mussel  farm,  is  located 


close  to  the  mouth  of  the  bay,  yet  in  a  relatively  sheltered  location 
(Fig.  1),  and  would  be  subject  to  all  of  the  above  influences.  The 
basic  design  of  the  farm  is  shown  in  the  inset  in  Figure  1  and 
consisted  of  60  rafts  spread  over  50  ha  in  10  rows  of  five  to  seven 
rafts  each.  The  initial  distance  between  rows  was  approximately 
100  m  and  between  rafts  in  each  row  was  60  m.  but  this  was 
modified  in  time  by  rafts  dragging  their  anchors  during  major 
storms. 

The  rafts  consist  of  wooden  lattices  supported  by  hollow  as- 
bestos-cement floats.  The  rafts  were  mainly  14  x  11  m  or  else  22 
X  1 1  m  in  size,  and  mussel  ropes  6  m  in  length  were  supported 
from  wooden  crossbeams  60  cm  apart  (Fig.  2).  Thus,  the  spacing 
between  ropes  in  the  long  axis  direction  was  always  60  cm.  but 
some  rafts  had  a  60-cm  distance  between  ropes  along  a  crossbeam, 
whereas  others  had  a  90-cm  spacing.  This  spacing,  together  with 
the  maturity  of  the  raft,  determined  the  amount  of  "free  water" 
between  ropes.  Additional  details  are  provided  by  Heasman  ( 1996) 
and  Heasman  et  al.  (1998). 

This  study  aims  to  bridge  the  gap  that  would  otherwi.se  have 
existed  between  the  sy.stem^ay  scale  studies  that  were  being  un- 
dertaken and  the  mussel  biology  studies  within  the  farm  (Heasman 
et  al.  1998).  Specific  objectives  include: 

•  measuring  flow  rates  through  the  mussel  rafts  and  mussel  farm 
to  provide  food  supply  rates  (see  Grant  et  al.  1998), 

•  relating  internal  flow  rates  to  external  hydrodynamic  forcing 
and  to  different  specifications/attributes  of  the  mussel  rafts,  and 

•  evaluating  the  effect  that  mussel  farms  may  have  on  flow  pat- 
terns in  temis  of  constraining  the  carrying  capacity  of  a  body  of 
water. 

The  importance  of  the  latter  was  stressed  by  Van  Stralen  and 
Dijkema  (1994)  and  also  by  Hickman  ( 1992); 


Better  understanding  of  water  movement  through  and 
around  the  culture  system,  and  any  alterations  to  the  pattern 
that  result  from  changes  in  mussel  density,  mussel  size, 
longline  or  raft  density,  may  hold  the  key  to  optimising 
mussel  production  for  either  the  individual  farmer  or  the 
mussel  industrv  as  a  whole. 
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Figure  1.  Map  of  Saldanha  Bay  showing  the  position  of  the  mussel  farming  areas,  1  in  Small  Bay  and  2  in  Big  Bay.  The  layout  of  rafts  in  the 
Sea  Harvest  mussel  farm  in  1993  is  shown  in  the  inset. 


METHODS 

Data  were  collected  on  five  field  trips  between  July  1993  and 
December  1994.  All  of  the  within-raft  measurements  were  made 
by  means  of  tracking  small  drogued  drifters  with  reference  to  the 
superstructure  of  the  raft,  with  a  handheld  compass  and  tape  mea- 
sure as  necessary.  The  drogue  consisted  of  a  2-L  white  plastic 
bottle  (weighted  to  be  slightly  negatively  buoyant)  attached  via  a 
length  (generally  2  m)  of  brightly  colored  monofilament  nylon  line 
to  a  small  lOO-niL  float.  The  line  seldom  snagged  on  the  mussel 
ropes,  and  when  it  did.  it  was  freed  immediately.  These  drogues, 
developed  during  the  first  field  study,  were  also  used  to  measure 
small-scale  ambient  flow  in  the  farm  because  they  were  easy  to 
deploy  and  had  minimal  windage. 

In  order  to  measure  the  flow  at  various  sites  within  the  farm,  the 
following  methods  were  also  used:  tetrahedral  drogues  (Boyd 
1982,  Bilski  1996)  were  deployed  between  rafts  and  tracked  by  an 
optical  (split-image)  range  finder  and  handheld  compass.  All  di- 
rections displayed  are  therefore  relative  to  magnetic  north.  24°W 
of  true  north.  Flow  below  a  raft  at  10-ni  depth  was  also  measured 
on  two  occasions  by  a  diver  and  dye.  In  August  1994,  a  Valeport 
current  meter  with  1  cm/s  sensitivity  giving  water  speed  and  di- 
rection (also  magnetic)  averaged  over  5  min  was  deployed  at  2-m 
depth  at  appropriate  sites  between  rafts.  Whenever  possible,  am- 
bient fiow  and  within-raft  flow  were  measured  as  pairs  of  values. 

However,  because  of  the  variability  of  the  ambient  flow  within 
the  farm  and  also  because  flow  within  the  rafts  was  found  to 
depend  on  the  angle  between  ambient  flow  and  the  physical  raft 
axis,  two  essentially  separate  data  sets  were  obtained: 

I.  those  in  which  we  waited  for  the  flow  to  align  with  an  axis, 
generally  the  long  axis,  and  for  a  downstream  pluine  of  clear 
water  to  develop  before  making  measuremenls.  This  was  a 


prerequisite  for  food  extraction  studies  (Heasman  et  al.  sub- 
mitted); and 
2.  experiments  comparing  external  flow  and  internal  flow  in 
any  direction  in  rafts  of  different  specifications. 

RESULTS  .4ND  DISCUSSION 

Flow  Through  the  Mussel  Farm 

Unfortunately,  no  long-term  records  of  flow  through  the  mussel 
farm  were  obtained.  Flow  through  (or  in  the  vicinity  of  the  farm) 
at  2-  and  8-m  depth  was  measured  on  seven  occasions  by  Bilski 
(1996).  These  measurements  give  an  average  drogue  speed  of  7.5 
cm/s  at  2-m  depth.  This  value  of  7.5  cm/s  can  be  contrasted  with 
a  mean  of  1 1  cm/s  for  Small  Bay  using  Bilski's  data.  Weeks  et  al. 
(1991)  show  that  surface  current  speeds  for  Saldanha  Bay  as  a 
whole  were  mainly  between  4  and  1 2  cm/s.  w  ith  a  mean  of  8  cm/s, 
but  observations  were  biased  to  low  wind  speeds. 

The  drogue  experiments  conducted  as  part  of  this  study  show  a 
mean  value  of  approximately  6  cm/s  for  ambient  flow  at  2-m  depth 
in  different  parts  of  the  farm,  and  data  frnni  the  Valeport  cunent 
meter  show  7.6  cm/s  (n  =  282 1.  Using  the  current  meter  data  only, 
there  is  evidence  of  consistently  stronger  flow  at  the  exposed 
southeast  corner  (and  southwest  corner)  of  the  farm,  in  contrast  to 
the  more  sheltered  northwest  corner,  yet  clearly,  "surges"  or 
"resonances"  in  current  velocity  were  experienced  at  all  sites 
(Fig.  3).  Mean  current  speeds  for  these  three  sites  are  shown  in 
Table  1.  Results  for  the  southwest  corner  clearh  show  that  five 
substantial  surges  occuned  over  6  h.  during  a  period  of  high  speed, 
whereas  shorter  time-scale  fluctuations  were  more  proininent  dur- 
ing lower  ambient  speeds.  The  presentation  of  these  currents  vec- 
torial ly  (together  with  flow  through  the  rafts)  highlights  the  vari- 


Wati-.r  Flow  Pattrrns  in  a  Mussel  Farm 


27 


Figure  2.  A  photograph  of  a  typical  raft  during  the  di\ergence  experiment  (Fig.  4).  The  small  floats  of  the  drogues  used  in  the  investigation  are 
highlighted  white.  The  causeHay  is  shown  in  the  background. 


ability  even  further  because  rapid  changes  in  direction  are  not 
always  reflected  in  the  current  speed  plots  (see  Fig.  6a  for  an 
example  of  variability  on  the  20-min  time  scale). 

Qualitative  Description  of  the  Effect  of  Mussel  Rafts  on  AmhienI  Flow 
and  Aspects  of  Through  Flow 

Early  experiments  showed  the  propensity  of  the  water  to 
choose  the  path  of  least  resistance  when  approaching  a  raft  at  an 
angle  by  flowing  through  the  raft  parallel  to  its  short  axis.  The 
periodic  prevalence  of  ambient  flow  across  the  isobaths  increased 
such  flow  through  the  raft.  Countering  this  effect  was  the  general 
alignment  of  the  bathymetry  (and  dominant  flow  direction)  with 
the  long  axis  of  the  rafts.  In  practice,  this  leads  to  a  relatively  even 
mix  of  flow  along  either  axis,  or  sluggish  flow  while  new  patterns 
were  being  established.  Furthermore,  on  several  occasions,  the 
inertia  of  the  whole  raft  system  was  observed,  where  a  large, 
mature  raft  with  60-cm  rope  spacing  would  move  as  a  whole  on  its 
anchors  by  a  few  meters  over  a  period  of  minutes,  whereas  near- 
zero  velocities  in  the  raft  suggested  that  it  was  trapping  the  water. 
This  would  also  create  a  lag  between  forcing  and  flow  through. 

The  other  major  effect  of  raft  flow  patterns  was  in  diverging  the 
near-surface  flow  around  a  raft.  On  one  occasion,  divergence  of 
two  closely  spaced  drogues,  after  a  period  of  parallel  flow,  was 
measured  every  few  minutes  over  a  period  of  ()..">  h  (Fig.  4).  In  this 
instance,  the  flow  did  not  converge  after  passing  the  raft;  the 
difference  in  ambient  cross-shelf  flow  as  a  function  of  their  greater 
separation  probably  caused  this.  Such  near-surface  divergence 
ahead  of  a  raft  resulted  in  surprisingly  few  entanglements  when 
2-m  drogues  were  tracked  through  the  fann  in  contrast  to  8-m 
drogues.  The  latter  result  is  in  keeping  with  two  experiments  car- 
ried out  by  a  diver  and  dye  that  suggested  little  or  no  retardation  of 
ambient  flow  below  the  raft. 

Flow-Through  Rafts  in  Relation  to  Ambient  Flow  and  Rope  Spacing 

Experiments  conducted  before  August  1994  concentrated  on 
measuring  the  ratio  of  within-raft  and  ambient  velocities  based  on 
established  flow  patterns.  Data  from  December  1993  and  March 
1994  showed  that  flow  in  immature  rafts  could  periodically  reach 
speeds  as  high  as  5  cm/s  (or40'7r  of  ambient),  but  such  values  were 


not  maintained  for  long.  Heasman  (1996)  combined  the  results  of 
all  of  those  established  flow  experiments  dunng  which  samples 
were  also  taken  for  food  extraction,  and  the  results  are  given 
separately  for  rafts  with  60-  and  90-cm  spacing  in  Figure  5.  Apart 
from  two  outliers  with  faster  through-flow  in  the  60-cm  rafts,  there 
are  indications  of  nonlinearity  in  the  relationships,  with  through- 
flow  velocities  reaching  a  maximum  of  1 .2-1  ..'>  cm/s.  This  was  not 
seen  in  the  experiments  with  90-cni  spacing,  which  had  a  bias 
toward  lower  ambient  speeds. 

The  greatest  number  of  observations  was  recorded  in  August 
1994,  when  the  Valeport  curtent  meter  was  deployed  between  rafts 
and  flow  patterns  within  one  or  two  adjacent  rafts  were  all  mea- 
sured simultaneously.  For  practical  reasons,  within-raft  flow  rates 
measured  by  the  small  drogues  were  only  measured  every  10  min 
in  comparison  to  the  5-min  averages  from  the  curtent  meter. 

Figure  6  illustrates  the  variability  in  ambient  flow  being  im- 
posed on  the  flow  through  two  22  x  1 1  m  rafts  on  two  separate 
days.  The  latter  part  of  the  record  in  Figure  6a  shows  the  flow 
alternating  every  20-.30  min,  a  pattern  that  can  be  seen  in  the  rafts 
with  greatly  reduced  velocities.  Figure  6b  shows  stronger  currents, 
but  again  with  short-term  variability.  Flow  rates  of  2-3  cm/s  dur- 
ing forcing  of  10-L'i  cm/s  were  regularly  measured,  through  flow 
thus  being  approximately  20%  of  ambient. 

A  time  series  of  ambient  and  within-raft  current  speeds  (sepa- 
rately for  60-  and  90-cm  spacing)  corresponding  to  Figure  6a  is 
shown  in  Figure  7.  Flow  speeds  within  the  90-cm  raft  can  be  seen 
to  be  equal  to  or  greater  than  those  in  the  60-cm  raft  in  most 
instances. 

The  previously  mentioned  descriptions  have  outlined  the  vari- 
ability and  complexity  of  the  real  situation  and,  thus,  the  difficulty 
in  analyzing  the  data  numerically  in  a  representative  manner.  In 
addition,  short  time  leads  and  lags  sometimes  occurred,  so  that  if 
simple  simultaneous  ratios  were  calculated,  these  could  combine 
slow  ambient  with  fast  raft  flow  and  vice  versa.  Figure  8  shows  the 
wide  range  of  ratios  between  internal  and  external  flow  from  the 
August  1994  experiments. 

Despite  the  above  reservations,  we  tested  statistically  for  the 
difference  between  the  means  of  the  ratios  of  simultaneous  through 
flow  to  ambient  for  the  rafts  with  60-  and  90-cm  rope  spacing.  This 
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Figure  3.  Time  series  of  ambient  current  speeds  at  three  sites  in  the 
farm  in  August  1994  showing  short-term  variability. 

was  done  by  arcsin  transforming  the  data  and  then  testing  for  the 
difference  between  two  means  from  normal  populations  with  un- 
equal variances.  Using  data  from  the  combined  experiment  only 
(Fig.  7).  the  mean  ratios  for  the  6()-cm  raft  and  the  9()-cm  raft  were 
found  to  be  significantly  different  only  at  the  5*  level  with  a 

TABLE  1. 

Mean  ambient  current  speeds  (cni/sl  at  different  sites  in  the  Sea 
Harvest  farm  measured  v\ith  the  Valeporl  current  meter. 


Site 

Date 

No. 

of  Observations 

Means 

SD 

NW  corner 

6/8/94 

67 

3.67 

1.35 

NW  corner 

8/9/94 

73 

4.0 

2.0 

SW  corner 

9/8/94 

65 

I(l..'i7 

3.37 

SE  corner 

7/8/94 

77 

I2.SI 

2.92 

Overall 

6-9/8/94 

282 

7.6 
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Figure  4.  Divergence  of  near-surface  flow  around  a  raft.  Experiment 
conducted  on  December  12,  1993.  Times  are  given  next  to  the  droque 
positions. 

one-tailed  Mest.  For  the  August  1994  data  set  as  a  whole  (Fig.  8), 
the  differences  between  the  ratios  of  internal  to  external  flow  were 
significant  at  the  2.5%  level  with  the  same  test  for  the  rafts  of 
different  specification.  Such  a  difference  is  in  keeping  with  the 
different  food  extraction  and  mussel  growth  rates  found  for  such 
rafts  (Heasman  et  al.  submitted). 

The  influence  of  maturity  of  the  mussel  ropes  on  food  extrac- 
tion was  clearly  shown  by  Heasman  (1996)  and  Heasman  el  al. 
(submitted),  but  quantitative  differences  of  maturity  on  flow  pat- 
terns were  not  resolved.  Nevertheless,  rope  maturity  must  influ- 
ence velocity,  and  with  regard  to  extremes,  the  data  set  shows  that 
the  fastest  through  flows  were  measured  on  relatively  immature  rafts. 

SUMMARY  STATISTICS 

The  effective  upper  bounds  of  flow  rates  through  the  rafts  come 
from  examples  of  steady-state  flow,  which  were  measured  over  the 
entire  study  period  from  both  smaller  and  larger  rafts.  The  data 
corresponding  to  food  extraction  experiments  conducted  during  field 
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Winds  were  low.  except  on  August  9.  1994,  when  Iherc  were  15-20  knots. 
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Figure  .^.  .Speeds  of  water  flow  through  mussel  rafts  with  6(1-  and 
y(l-cni  rope  spacings  in  relation  to  ambient  speeds  during  sleadv-slate 
conditions  when  food  extraction  experiments  were  done. 
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Figure  6.  (a I  The  speed  and  direction  of  water  currents  taken  simultaneously  outside  and  through  rafts  with  60-  and  90-cm  rope  spacing  on  August 
8,  1994.  (hi  The  speed  and  direction  of  water  currents  taken  simultaneously  outside  and  through  rafts  with  60-cm  rope  spacing  on  August  9,  1994. 

trips  (Fig.  5)  show  an  approximate  relation  for  through  flow  relative  neous"  ratios  shown  in  Figure  8  cannot  be  used  together  with  average 

to  ambient  of  13%  for  60-cm  rafts  and  25%  for  90-cm  rafts.  The  values  for  ambient  flow  because  of  lags,  which  cause  a  bias, 
former  average  value,  combined  with  7.5  cm/s  average  ambient  flow  The  August  1994  data  set  (collected  on  the  large  11  x  22  m 

for  the  farm,  gives  a  mean  through  flow  of  1.0  cm/s  for  the  more  rafts)  provides  mean  raft  speeds  of  1.4  cm/s  from  the  southwest 

common  60-cm  rafts  and  1.9  cm/s  for  90-cm  rafts.  The  "simulta-  and  southeast  comers  to  0.9  cm/s  for  the  sheltered  northwest  cor- 


Figure  7.  Water  through-flow  speeds  in  rafts  with  6(l-cm  (dark  shading!  and  90-cni  (light  shading)  rope  spacing  in  relation  to  the  speed  of  the 
ambient  flow  on  August  8,  1994. 
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Figure  8.  Individual  ratios  of  internal  to  external  flow  for  rafts  with 
90-  and  60-cm  rope  spacing. 

ner  (see  Fig.  3).  Comparing  Tables  1  and  2  shows  that  the  overall 
relation  to  ambient  flow  is  of  the  order  of  1 5'^/<  for  these  large  rafts, 
with  proportionally  lower  values  at  higher  ambient  speeds,  sug- 
gesting some  nonlinearity. 

From  the  above  summary,  and  supported  by  the  various  de- 
scriptions provided  earlier,  a  "'working  value'"  of  mean  through- 
flow  speed  for  all  rafts  in  the  Sea  Harvest  farm  is  suggested  to  be 
1.25  cm/s  (17%  of  mean  ambient  flow).  In  terms  of  volume  (or 
area)  of  water  flowing  through  a  raft  of  11x14  m  (154  nr)  along 
the  long  axis,  this  amounts  to  three  rafts  per  hour  or  77  rafts  per 
day  (i.e.,  approximately  1.2  Ha). 

The  ambient  flow  speeds  in  Saldanha  Bay  were  found  to  be 
dependent  on  depth  (Weeks  et  al.  \'~)9\.  Bilski  1996)  because  of 
the  dominant  influence  of  wind  forcing.  At  5-m  depth,  currents 
were  509c  of  those  al  1-  or  2-m  depth.  This  factor  is  not  quantified 
further  in  this  study,  but  rather  is  offset  against  the  unavoidable 
undersampling  in  high  wind  conditions,  noted  by  all  previous  stud- 
ies and  also  applicable  here. 

THE  REQUIREMENT  FOR  FOOD:  THE  IMPORTANCE 
OF  ADVECTION 

The  food  requirements  of  a  mussel  raft  within  the  Sea  Harvest 
farm  (Heasman  et  al.  1998,  Grant  et  al.  1998)  appear  to  be  barely 
met  in  the  rafts  by  a  mean  advection  velocity  of  1.25  cm/s  and  the 
measured  phytoplankton  food  concentrations  of  Pitcher  and  Calder 
(1998).  This  marginal  food  balance  is  also  consistent  with  the 
better  growth  of  the  90-cm  rafts  with  their  higher  tlow-through 
rate,  because  the  primary  limitation  is  How  through  the  raft,  not 
ambient  advection.  Heasman  et  al.  (1998)  estimate  that  the  Sea 

TABLE  2. 

Mean  speeds  of  the  water  flowing  through  the  rafts  at  different  sites 

In  the  Sea  Harvest  farm  measured  with  mini-drogues  (data  set 

includes  non-steady-state  mea.surements). 


Site/Raft 

Date 

No.  of  Observations 

Means 

SD 

NW  (90  cm) 

6/8/44 

23 

0.88 

0.50 

NW  (90  cm) 

X/X/94 

27 

1.19 

0.77 

NW  (60  cm) 

8/8/94 

35 

0.73 

I)  4(1 

SW  (60  cm) 

9/8/94 

27 

114 

0.78 

SE  (90  cm) 

7/8/94 

35 

161 

0.92 

Overall 

6-9/8/94 

147 

I.I  1 

Harvest  farm  extracted  between  1 6  and  35%  of  the  plankton  pass- 
ing through  it.  suggesting  that  subsequent  farms  (if  screened  by 
others)  would  receive  substantially  less  food  concentration.  They 
would  also  receive  it  more  slowly  through  reduced  ambient  flow 
speeds.  The  effect  would  be  cumulative  on  each  farm  as  the  num- 
ber of  suiTounding  famis  increases.  In  order  to  illustrate  this  nu- 
merically, a  simple  model  was  developed  to  show  how  a  fami  similar 
to  Sea  Harvest,  but  in  a  more  uniform  flow  environment,  could  affect 
ambient  flow  speeds.  This  enabled  results  from  this  study  to  be  used, 
and  also,  there  is  likelihood  that  similar  technology  may  be  used  as 
mariculture  in  Saldanha  Bay  expands  (Appendix  A). 

The  conclusion  that  can  be  drawn  from  this  model  are.  first, 
that  ambient  upper-layer  flow  would  be  reduced  by  approximately 
3%  by  each  row  of  rafts  within  the  farm,  or  30%  for  the  whole 
farm  if  flow  through  the  farm  was  constrained  on  its  sides  by,  for 
example,  immediately  adjacent  farms.  Second,  it  suggested  that, 
for  rafts  of  the  same  size,  those  that  allow  greater  through-flow 
speeds  would  actually  retard  the  ambient  flow  more  (up  to  a  cer- 
tain maximum)  than  those  with  slower  through  flow. 

In  terms  of  advection,  the  new  lease  Site  2  appears  well  situated 
to  receive  near-surface  advection  from  the  south,  driven  by  the 
dominant  southerly  winds.  Away  from  the  vicinity  of  the  jetty,  the 
data  of  Weeks  et  al.  ( 1991 ),  Bilski  ( 1996),  and  Boyd  and  Spolander 
(unpubl.)  show  velocities  of  the  order  of  10-15  cm/s  northward. 
However,  with  the  expansion  of  mussel  farming  in  Site  2,  and  the 
resulting  slower  water  speeds,  there  may  be  an  extension  of  the 
pressure  gradient  force  from  north  to  south  ( see  Fig.  I ),  which 
would  oppose  advection  over  the  lease  area,  lower  advection  being 
accompanied  by  a  further  reduction  of  food  concentrations.  This 
would  not  affect  the  '"potential  production"  of  the  bay  but  could 
result  in  declining  yields  in  Site  2.  In  turn,  this  could  lead  to 
requests  for  new  lease  sites  to  make  the  bay-scale  production  es- 
timates possible. 

The  highly  productive  waters  of  the  Ria  de  Arosa  in  northern 
Spain  (Navano  et  al.  1991)  show  a  widespread  distribution  of 
mussel  farms.  Nevertheless,  with  regard  to  variations  in  food  avail- 
ability, the  authors  acknowledge  "...the  farmer's  empirical 
knowledge  that  mussels  from  rafts  on  the  borders  of  a  grouping 
grow  faster  than  those  from  the  inner  part  .  .  .".  This  effect  is 
related  explicitly  to  food  availability  and  quality  by  the  authors, 
but  advection  would  also  play  a  role. 

Very  few  field  studies  of  hydrodynamics  in  relation  to  mussel 
farming  could  be  found  in  the  literature.  Gibbs  et  al.  (1991)  ex- 
amined water  column  properties  and  flow  rates  for  the  farming 
areas  of  Pelorus  Sound.  South  Island,  New  Zealand,  and  identified 
the  characteristics  of  different  regions.  Sheltered  embayments 
showed  longer  flushing  times  than  did  regions  closer  to  the  main 
channel,  and  tides  and  freshwater  inflow  were  the  main  forcing 
factors  in  a  two-layer  system.  Saldanha  Bay  is  also  a  two-layer 
system,  but  wind  is  the  main  factor,  complemented  by  tides,  and 
'"sheltered"  regions  have  yet  to  be  positively  identified.  An  ac- 
celerated flow  immediately  below  the  mussel  curtain  was  observed 
by  Gibbs  el  al.  (1991)  but  still  with  stronger  flow  at  depth  than 
within  the  ropes.  They  reported  an  approximate  reduction  in  the 
flow  within  farms  (composed  of  long  lines  of  ropes  parallel  to  the 
current)  to  30%  of  ambient,  with  ""the  rest  of  the  flow  being  forced 
below  the  farm  or  around  it." 

The  flow  beneath  rafts  (and  farms)  in  Saldanha  Bay  will  be- 
come nunc  importanl  as  the  number  of  farms  increases,  but  water 
velocities  at  10-m  depth  are  much  less  than  those  near  the  surface, 
being  not  directly  affected  by  winds,  which  are  the  dominanl  forc- 
ing factor  over  most  of  the  bay  (Bilski  1996).  The  conlnhulion  by 
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hori/oiUal  adxection  of  the  upper  layer  sht)uld  not  be  reduced  to 
the  extent  where  areas  with  long  flushing  times  are  created.  A 
general  slowing  of  circulation  would  also  have  ad\erse  effects 
regarding  build  up  of  deposits  on  the  bottom  belov\  the  rafts. 

It  is  therefore  essential  to  commence  baseline  studies  on  both 
food  concentration  and  mean  adveclion  velocities  (as  well  as  the 
use  of  appropriate  models  that  have  recently  become  available 
locally  I  P.  M.  S.  Monteiro  and  S.  A.  Luger.  CSIR  pers.  comm.]) 
together  with  the  development  of  Site  2.  An  initial  restriction  on 
development  to  300  Ha  (Monteiro  pers.  comm.)  is  appropriate  in 
order  to  provide  time  for  the  optimal  use  of  Saldanha  Bay's  waters 
to  be  formulated,  including  the  maintenance  of  the  present  high 
growth  rates  for  mussel  mariculture  (Heasman  1946). 

APPENDIX  A:  CONCEPTUAL  MODELING  OF  THE  FLOW 
WITHIN  A  MISSEL  FARM 

The  objective  of  this  model  was  to  estuiiate  the  retardation  of 
ambient  water  movement  due  to  a  mussel  farm  by  considering  an 
idealized  farm  using  raft  technology  similar  to  that  used  at  the  Sea 
Harvest  site. 

The  following  description  and  assumptions  are  with  reference 
to  Figure  9.  and  consider  long  a.\is  flow  constrained  on  the  sides 
of  the  farm. 

1 .  The  effect  of  each  raft  is  to  diverge  the  flow  around  it  (Fig.  9a). 

2.  The  flow  reconstitutes  before  the  next  row  of  rafts  (Fig.  9a). 

3.  If  there  v\ere  frictionless  streamlines  around  each  raft,  there 
would  be  no  retardation  of  flow  (Fig.  9b). 

4.  If  the  flow  did  not  diverge,  it  would  be  slowed  considerably 
(Fig.  9c). 

It  is  clear  that  the  real  situation  will  lie  between  the  extreme 
cases  described  by  Points  3  and  4. 

In  order  to  solve  for  the  overall  retardation  due  to  each  row  of 
mussel  rafts,  consider  first  the  special  case  in  which  the  time  taken 
for  ambient  flow  to  move  a  distance  L„  from  one  row  of  rafts  to  the 
next  is  the  SAME  as  that  taken  for  water  to  move  a  distance  (  from 
just  in  front  of  a  raft  to  recombine  with  the  ambient  flow  several 
meters  behind  it.  as  shown  in  Figure  9d.  Thus,  the  turnover  rate  is 
the  same  for  the  approximately  0.6  Ha  of  water  surrounding  the  raft 
and  that  within  the  en\  elope  of  the  raft  itself.  Expressed  numerically: 
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hi 

v„ 


(1) 


where  \\,  is  the  ambient  \elocity  and  \  is  the  internal  velocity.  This 
implies 

( 
20  m 


■v„ 


(2) 


for  the  Sea  Harvest  farm  v 


100  m 
.5  cm/s 


X  7.5  cm/s 


(3) 


This  implication  is  consistent  with  steady-state  measurements. 
The  retardatory  effect  of  each  row  of  rafts  perpendicular  to  the  flow 
will  also  be  dependent  on  the  raft  density  and  width  across  the  flow ; 
in  this  case,  the  flow  envelope  around  rafts  of  1 2-m  width  occupied 
about  20%  of  the  crosstlow  space,  as  shown  in  Figure  9d.  and  the 
resultant  reduced  speed  can  be  estimated  by  the  following  method. 

Let  the  baseline  case  described  in  Figure  9b  have  a  uniform 
velocity  V„,  ahead  of  the  first  row  of  rafts  and  also  behind  the  rafts 
when  the  velocity  flow  field  has  recombined.  This  implies  that, 
although  the  flow  around  the  obstruction  will  be  accelerated,  the 
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Figure  9.  Conceptual  modeling  of  steady-state  flow  through  a  mussel 
farm  with  water  flow  constrained  on  the  sides. 

mean  momentum  of  fluid  mo\'ing  through  a  distance  L„  in  a  time 


Momentum  =  V,,  x  (D  x  L„  x  h]  x  p 


(4) 


where  h  =   "height"  of  ropes  and  p  =  water  density. 

If  part  of  the  water  is  moving  through  a  mussel  raft  of  effective 
dimensions  d  and  (.  then  the  transport  will  replace  an  area  d  x  f 
moving  at  V^^,  with  an  area  d  x  (  moving  at  v. 

Momentum  =  [V„  x  D  x  L„  -  V„  x  d  x  <  +  v  x  d  X  f  ]  p  X  h 

(5) 

where  v  =  (t/LJ  V„  in  this  special  case. 

The  difference  between  the  momentum  in  these  two  instances  is: 


(V„- V)  X  dfph.  or  V„ 


diph 


(6) 


In  order  to  consider  the  reduction  of  momentum  in  proportion 
to  that  of  the  volume  D  x  L  x  h.  take  D  =  1 .  L^,  =  1 .  V^,  =  1 : 
h  =  1,  p  =  1;  and  the  d  and  f  values  as  fractions:  d  =  0.20;  and 
(   =  0.2  giving  v  =  0.2. 
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The  difference  in  momentum  amounts  to  0.032  or  3.2%  retar- 
dation for  each  row  of  rafts.  If  this  is  extended  to  10  rows  of  rafts, 
and  assuming  that  each  row  is  constrained  on  its  sides,  the  rows 
will  act  cumulatively  to  retard  the  overall  flow,  leading  to  retar- 
dation through  the  farm  of  -28%.  The  field  study  values  of  -7.5 
cm/s  within  the  farm  and  -1 1  cm/s  outside  the  farm  are  consistent 
with  the  model  estimate  of  retardation  due  to  the  farm,  but  given 
the  variability  of  flow  patterns  in  the  Sea  Harvest  farm,  this  can  be 
regarded  as  fortuitous. 

The  dependence  of  Eq.  6  on  (  as  a  variable  should  also  be 
considered.  The  value  of  (  has  not  been  measured,  but  its  mini- 
mum value  is  obviously  the  size  of  a  raft  and  0.2  x  L„  is  viewed 
as  a  good  estimate  during  steady  internal  flow.  If  I  is  increased  to 
0.3  L^^  with  an  appropriate  increase  in  v  (in  order  to  maintain  the 
special  case)  and  all  other  values  are  constant,  we  get  an  increase 
in  retardation  to  0.042  (cf.  0.032).  Taking  Eq.  6  and  differentiating 
with  respect  to  ( .  we  find  a  maximum  retardation  of  0.050  occur- 
ring at  ('  =  0.5  L^,  and  v  =  3.75  cm/s.  The  latter  is  not  regarded 
as  a  realistic  average  velocity  from  measurements,  or  dimension  in 
terms  of  the  model,  but  suggests  that  the  90-cni  rafts  would  slow 
the  ambient  flow  more  than  those  with  a  60-cm  spacing  between 
ropes  because  of  faster  through  flow,  despite  their  having  fewer  ropes. 

This  model  was  also  examined  without  the  special  case  that 


f  ( 

:  —  V,,;  and  we  let  v  =  a  —  V^., 


(7) 


thus  allowing  faster  (or  slower)  through  flow  at  the  same  distance 
f.  The  momentum  difference  was  formulated  and  differentiated 


with  respect  to  a  in  order  to  find  the  maximum.  The  results  were 
the  same  as  for  the  previous  case:  indeed,  what  the  new  model 
substituted  for  a  "single  transfer"  of  a  body  of  water  of  length  0.5 
L„  moving  at  3.75  cm/s,  was  2.5  separate  bodies  of  water  of  length 
0.2  L„  moving  at  3.75  cm/s. 

Note  that  the  dependence  of  retardation  (Eq.  6)  on  d/D  is  cru- 
cial, but  only  valid  so  long  as  d  «  D.  thereby  allowing  space  for 
accelerated  flow  around  the  rafts.  Brundrit  (UCT,  pers.  comm.) 
suggests  that  each  raft  may  have  a  relatively  fixed  " 'critical"' 
through-flow  velocity,  which  will  tend  to  be  maintained,  provided 
that  d  «  D  such  to  allow  for  accelerated  flow  around  the  raft.  The 
strong  dependence  of  through  flow  on  approach  angle  and  forcing 
speeds  suggests  that  such  a  fixed  critical  velocity  was  not  generally 
operational  here  but  could  be  during  faster,  more  unifonn  ambient 
flow. 

The  above  method  could  not  be  used  with  lines  of  mussel  ropes 
across  a  current.  In  this  case,  each  rope  would  apply  friction  to  the 
flow,  proportional  to  the  square  of  the  velocity  past  it.  Because  of 
the  higher  velocities  associated  with  each  mussel  rope,  and  the 
possible  lack  of  large  open  areas  such  as  between  rafts,  the  reduc- 
tion in  ambient  velocity  could  be  greater  than  for  the  rafi  situation 
and  requires  a  separate  investigation. 

ACKNOWLEDGMENTS 

We  thank  Sea  Harvest  for  their  support,  Ms  Lieze  Swart  for 
technical  assistance.  Professor  G.  B.  Brundrit  of  the  University  of 
Cape  Town  for  feedback  on  the  model,  and  the  two  anonymous 
reviewers  for  their  valuable  criticisms. 


LITERATURE  CITED 


Bilski.  S.  1996.  The  characterisation  of  synoptic  circulation  patterns  in 
Saldanha  Bay.  MSc  Thesis.  University  of  Cape  Town,  South  Africa.  95 
pp. 

Boyd,  A.  J.  1982.  Small-scale  measurements  of  vertical  shear  and  rates  of 
horizontal  diffusion  in  the  Miiithern  Benguela  Current.  Fish.  Bull.  S. 
Afr.  16:1-9. 

Gibbs,  M.  M.,  M.  R.  James.  S.  E.  Pickmere,  P.  H.  Woods,  B.  S.  Shake- 
speare, R.  W.  Hickman  &  J.  lUingworth.  1991.  Hydrodynamics  and 
water  column  properties  at  six  stations  associated  with  mussel  farming 
in  Pelorus  Sound.  1984-85.  N.  Z.  J.  Men:  Freshwal.  /?<?.?.  25:239-254. 

Grant.  J.,  J.  Bailey.  P.  M.  S.  Monteiro.  G.  Pitcher  &  K.  G.  Heasman.  Sub- 
mitted, A  carbon  budget  of  Saldanha  Bay  ( South  Africa )  for  raft  culture 
of  Mxtilus  galloprnviiuiali.s.  J.  Slwllfi.sh  Rt'.s. 

Heasman,  K.  G.  1996.  The  influence  of  oceanographic  conditions  and  cul- 
ture methods  on  the  dynamics  of  mussel  farming  in  Saldanha  Bay. 
South  Africa.  M.Sc  Thesis.  Rhodes  University.  Grahamstown.  South 
Africa.  99  pp. 

Heasman,  K.  G.,  G.  Pitcher,  C.  D.  McQuaid  &  T.  Hechl,  Suhmilted,  Food 
delivery  to  mussel  rafts  In  a  high  production  environment:  the  effect  of 
rope  spacing  on  food  extraction,  growth  rate,  yield  and  condition  of 
mussels.  J.  Shellfish  Res. 

Hickman.  R.  W.  1992.  Mussel  culli\alKin.  ///.  K.  Goslmg  (cd.).  The  Mussel 
Mylilus:  Ecology.  Physiology.  Genetics  and  Culture.  Elsevier.  Amster- 
dam. 589  pp. 

Jury.  M.  R.  1985.  Case  studies  of  alongshore  variations  in  wind-driven 
upwelling  in  the  southern  Benguela  region,  pp.  29—46.  In:  L.  V.  Shan- 
non (ed.).  South  African  Ocean  Colour  and  Upwelling  Experiment.  Sea 
Fisheries  Research  Institute.  Cape  Town. 

Lamberth,  R.  &  G.  Nelson.  1987.  Field  and  analytical  drogue  studies 
applicable  to  the  St.  Helena  Bay  area  off  South  Africa's  west  coast.  S. 
Afr.  J.  Mar.  Sei.  5:163-169. 

Monteiro,  P.  M.  S.  &  B,  Spohinder.  Suhmilled,  Shell-Bay  interactions  in 


the  southern  Benguela  upwelling  system  (provisional  title).  J.  Shellfish 
Res. 

Navarro.  E..  J.  I.  P.  Igleslas.  A.  Perez.  Camacho.  U.  Laharta  &  R.  Beiras. 
1991.  The  physiological  energetics  of  mussels  {Mylihis  aalloiirovin- 
eicilis  Lmk)  from  different  cultivation  rafts  in  the  Ria  de  Arosa  (Gallcia. 
N.W.  Spain).  AqiiiwulUire.  94:197-212. 

Nelson.  G.  &  L.  Hatchings.  1983.  The  Benguela  upwelling  area.  Pm_?. 
Oceimogr.  12:333-356, 

Pitcher.  G.  C.  &  D.  Calder.  Submitted.  Phytoplankton  and  the  availability 
of  food  for  commercial  mussel  farms  in  Saldanha  Bay.  South  Africa.  / 
Shellfish  Res. 

Shannon.  L.  V.  1985.  The  Benguela  ecosystem.  1.  Evolution  of  the  Ben- 
guela. physical  features  and  processes,  pp.  105-182.  In:  M.  Barnes 
(ed.).  Oceanography  and  Marine  Biology.  An  Annual  Review  23.  pp. 
105-182.  University  Press,  Aberdeen. 

Shannon.  L.  V.  &  G.  H.  Slander.  1977.  Physical  and  chemical  character- 
istics of  water  in  Saldanha  Bay  and  Langebaan  lagoon.  7"/y//i.v.  R.  Soc. 
S.  Afi.  42:441-159. 

Shannon,  L.  V..  N.  M.  Walters  &  S.  A.  Mo.stert.  1985.  Satellite  observa- 
tions of  surface  temperature  and  near-surface  chlorophyll  in  the  south- 
ern Benguela  region,  pp.  18,3-210.  In:  L.  V.  Shannon  (ed.).  South 
African  Ocean  Colour  and  Upwelling  Experiment.  Sea  Fisheries  Re- 
search histltiilc.  Cape  Town. 

Van  Stralen.  M.  R.  &  R.  D.  Dijkema.  1994.  Mussel  culture  in  a  changing 
environment:  the  effects  of  a  coastal  engineering  project  on  mussel 
culture  {MmHus  edulis  L.)  in  the  Oosterschelde  estuary  (SW  Nelhei- 
laiids),  Hnlnibiolofiia.  282/283:359-379. 

Weeks.  S.  J..  A.  J.  Boyd.  P,  M,  S,  Monteiro  &  G.  B.  Brundrit.  1991.  The 
currents  and  circulation  in  Saldanha  Bay  after  1975  deduced  from 
historical  nieasuiements  of  drosues,  S.  Afr.  .1.  Mar.  Sii.  I  1 :525-535. 


Jiiiinial  ofShrlHhh  Krsviinh.  VoL  17.  No,  I.  33-3'),  IWS, 

SHKLLFISH  MARICULTURE  IN  THK  BENGUP:i.A  SYSTFIM:  RAFT  CULTURE  OF  MYTILUS 

GALLOPROVINCIALIS  AND  THE  EFFECT  OF  ROPE  SPACINf;  ON  FOOD  EXTRACTION, 

GROWTH  RATE,  PRODUCTION.  AND  CONDITION  OF  MUSSELS 


K.  C.  HEASMAN,'  G.  C.  PITCHP:R,-  C.  D.  McQUAID,'  AND 
T.  HKCHT' 

'  Deparlnu'iit  of  hhiliyaloiix  and  Fisheries  Science 

Rhoiles  University 

Graluimstown.  South  Africa 
~Sea  Fisheries  Research  Institute 

Private  Bag  X2 

Rogge  Bay.  Cape  Town,  South  Africa 

Department  of  Zoology  and  Entomology 

Rhodes  University 

Grahamstown.  South  Africa 

ABSTRACT  Saldanha  Bay  forms  part  of  the  Benguela  upwelling  system.  Here,  the  mussel  Mylilus  galloprovincialis  is  farmed  by 
means  of  tloatmg  raft  culture.  The  relationship  between  the  food  removed  by  mussels  and  the  growth,  condition,  and  production  of 
mussels  cultured  on  rafts  with  two  different  rope  spacings  was  investigated.  The  dense  culture  of  mussels  on  rafts  is  responsible  for 
local  limitation  in  food  supply  at  the  raft  scale.  Food  depletion  through  a  raft  increased  both  with  the  age  of  the  mussel  ropes  suspended 
from  it  and  with  decrea.sed  rope  spacing  and  was  a  function  of  increased  feeding  and  greater  retardation  of  water  exchange  through 
rafts  with  higher  mussel  mass.  Mussel  growth  rates  in  summer  were  30%  greater  than  in  winter,  and  during  summer,  growth  rates  were 
a  further  8%  higher  on  rafts  with  increased  rope  spacing.  The  harvest  of  marketable  mussels  was  30%  higher  from  ropes  suspended 
at  the  increased  spacing.  Consequently,  the  harvest  of  mussels  was  9%  higher  from  rafts  with  the  lower  rope  density. 

KEY  WORDS:     Raft  culture.  M.  tuillopmrinciiilix.  growth,  production.  Saldanha  Bay 


INTRODUCTION 

Saldanha  Bay  is  adjacent  to  the  highly  productive  southern 
Benguela  upwelling  system  (Shannon  1985).  The  farming  of  inus- 
sels  in  Saldanha  Bay  began  in  1985  with  the  marketable  mussel 
production  reaching  2.000  tons  per  annum  in  1990  (Hecht  and 
Britz  1992)  and  exceeding  2,500  tons  by  1994  (Sea  Harvest  Cor- 
poration. Lusitania  Sea  Products  &  Atlas  Sea  Farms  pers.  comm.). 
Mussels  are  harvested  throughout  the  year,  except  during  a  3-wk 
period  in  early  summer,  when  the  mussels  have  a  low  tlesh  con- 
dition as  a  consequence  of  spawning  (Heasman  1996). 

Mytiliis  galloprovincialis.  which  was  unintentionally  uanslo- 
cated  into  Saldanha  Bay  during  the  mid-1970s,  has  become  the 
dominant  bivalve  species  in  the  bay  and  along  the  entire  south- 
western Cape  coast  (van  Erkom  Schurink  and  Griffiths  1992).  It 
would  appear  that  M.  galloprovincialis  grows  better  here  than  in  its 
natural  distributional  range  (van  Erkom  Schurink  and  Griffiths 
1992).  Fortuitously,  the  orange  coloring  of  the  meat  of  the  females 
of  M.  f>alloprovincialis  make  it  a  preferred  culture  species  over  the 
indigenous  Choromytilus  ineridionalis. 

Over  the  last  10  y.  mussels  in  Saldanha  Bay  have  been  farmed 
on  both  longlines  and  rafts.  Although  several  local  and  New- 
Zealand  longline  designs  have  been  tried  and  tested,  because  of  the 
high-energy  nature  of  the  bay  during  the  early  winter  months,  the 
longline  farming  method  has  been  discarded  in  favor  of  rafts.  The 
rafts,  originally  based  on  a  Spanish  design,  have  been  modified 
considerably  to  cope  with  the  high-energy  environment.  Two  sizes 
of  raft  are  currently  used,  both  of  which  consist  of  wooden  lattices 
supported  by  hollow  asbestos  cement  floats.  The  larger  rafts  are  22 
X  1 1  m  with  29  crossbeams,  whereas  the  smaller  rafts  are  15  x  II 
m  with  only  19  crossbeams.  The  crossbeams  are  spaced  60  cm 
apart.  The  inussel  ropes,  which  are  suspended  to  an  average  depth 


of  6  m.  are  spaced,  on  the  crossbeams,  at  either  60  or  90  cm. 
Spaced  at  60  cm,  the  smaller  rafts  carry  a  total  of  323  ropes, 
whereas  the  larger  rafts  carry  493  ropes  (i.e.,  approximately  two 
ropes  per  square  meter).  At  a  spacing  of  90  cm.  the  smaller  rafts 
carry  245  ropes  and  the  larger  rafts  carry  374  ropes  (i.e..  approxi- 
mately 1.5  ropes  per  square  meter).  To  prevent  the  mussels  from 
dislodging  and  sloughing  off  during  rough  seas,  a  30-cm  wooden 
peg  is  inserted  every  50  cm  down  the  length  of  each  rope. 

Mussel  growth  in  Saldanha  Bay  is  rapid,  and  on  average,  each 
raft  is  harvested  twice  a  year  (Heasman  1996).  Suspension  feeders 
such  as  mussels  have  a  remarkable  capacity  to  filter  the  water 
column  and  to  deplete  the  water  of  seslon.  such  that  they  may  be 
food  limited  at  high  culture  density  (Navarro  et  al.  1991).  Raft 
culture  is  particularly  intensive  in  respect  to  the  high  density  of 
mussels  grown  on  the  structure,  and  studies  of  raft  culture  in  the 
Spanish  Rias  have  demonstrated  that  there  is  local  seston  depletion 
due  to  suspension  feeding  (Perez  Camacho  et  al.  1991 ).  As  stock 
density  increases,  there  may  therefore  be  a  depression  of  bivalve 
growth  rates  and  an  increase  in  mortality  caused  by  factors  asso- 
ciated with  overcrowding,  all  of  which  can  threaten  the  economic 
viability  of  mariculture  ventures  (Grant  el  al.  1993).  Moreover, 
research  has  demonstrated  major  differences  in  mussel  growth  rate 
between  sites,  confirming  that  environmental  conditions  can  regu- 
late shellfish  production  and  that  bivalve  growth  can  be  predicted 
as  a  function  of  the  environment  (Grant  et  al.  1993).  A  means  to 
predict  the  ability  of  Saldanha  Bay  to  sustain  mussel  culture  was 
therefore  considered  essential  to  the  continued  development  of  the 
shellfish  industry  and  to  the  determination  of  the  carrying  capacity 
of  the  bay  for  mussel  farming. 

The  principal  objective  of  this  investigation  was  to  establish  the 
relationship  between  the  food  removed  by  inussels  and  the  growth. 
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Figure  1.  Map  of  Saldanha  Bay  showing  the  position  of  the  study  farm. 


condition,  and  production  of  mussels  cultured  at  the  two  different 
rope  spacings.  These  estimates  also  contribute  inputs  to  a  carbon 
budget  to  be  used  to  estimate  the  level  of  mussel  production  that 
can  be  sustained  in  Saldanha  Bay  (Grant  el  al.  1998). 

METHODS 

The  study  was  conducted  in  a  farm  located  in  Small  Bay. 
comprising  approximately  60  rafts  in  a  50-ha  lease  (Fig.  1  and  2). 

Mussel  Feeding 

The  removal  of  food  by  mussels  was  examined  in  terms  of 
chlorophyll  (chl)  a.  phaeopigment.  and  particle  volume  concentra- 
tion. Chi  a  and  phaeopigment  samples  were  analyzed  according  to 
Parsons  et  al.  ( I9S4|.  and  particle  volume  was  measured  by  sizing 
and  counting  particles  with  a  Coulter  Multisizer  according  to  Shel- 
don and  Parsons  (1967).  Food  removal  by  mussels  was  investi- 
gated on  three  spatial  scales,  viz..  rope,  raft,  and  farm  scales. 

Particle  depletion  by  mussels  at  the  rope  scale  was  investigated 
on  rafts  with  6-ino-old  ropes.  A  50-mL  water  sample  was  collected 
from  within  the  mussel  mass  on  the  rope  by  inserting  a  6-mm- 
diameter  tube  10  cm  into  the  mussels  on  the  rope.  Further  water 
samples  were  taken  by  means  of  an  array  of  syringes  from  the 
outer  perimeter  of  the  mussels  and  at  5-,  15-.  25-.  and  35-cni  from 
the  perimeter  of  the  mussel  mass.  Samples  were  collected  from 
ropes  on  the  upstream,  center,  and  downstream  side  of  the  raft. 

The  removal  of  food  at  the  raft  scale  was  determined  by  col- 
lecting water  samples  upstream  of  the  raft  and  at  4-m  intervals 
along  the  longitudinal  axis  of  the  raft  at  a  depth  of  2  m.  The  rafts 
suspended  ropes  of  mussels  ranging  in  age  from  I  to  7  mo. 
Samples  were  collected  under  varying  conditions  and  seasons,  and 
whenever  possilbe  water  samples  were  collected  simultaneously 
from  rafts  with  60-  and  90-cm  rope  spacings 
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Figure  2.  .\  plan  of  the  layout  of  rafts  (.\  through  Fl  within  the  mussel 
farm. 
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Food  renunal  at  the  farm  scale  was  assessed  by  exariiiiiiiig  chl 
a  depletion  through  the  farm.  Samples  were  collected  from  2-m 
depths  at  six  stations  250  in  apart  along  the  long  axis  of  the  farm. 
The  first  station  was  approximately  100  m  in  tront  of  and  the  last 
100  m  behind  the  larni. 

Mussel  GroKlh,  I'mductioii,  and  Conditidii 

Mussel  growth  rates  were  estimated  by  conducting  eight 
growth  trials.  For  each  trial,  1.000  seed  mussels  were  measured 
and  bound  onto  a  seed  rope.  Eight  ropes  were  prepared  in  Ibis  way 
and  placed  centrally  down  the  long  axis  of  a  raft.  A  sample  of  25 
mussels  from  the  top  and  bottom  meter  of  each  rope  at  either  end 
and  in  the  middle  of  the  rafts  was  collected  every  month  and 
measured.  Six  of  the  trials  took  place  on  two  adjacent  rafts.  Rafts 
C  and  D.  with  rope  spacings  of  60  and  90  cm,  respectively,  i.e.. 
three  trials  on  each  of  the  two  rafts  (Fig.  2).  Two  trials  were 
conducted  from  September  1 993  to  March  1 994.  two  from  March 
to  September  1994,  and  two  from  October  1994  to  March  1995. 
The  remaining  two  trials  were  carried  out  on  Rafts  E  and  F  from 
April  to  September  1993  (Fig.  2).  Newly  settled  cohorts  were 
ignored,  and  only  the  seed  mussels  bound  onto  the  ropes  were 
collected  and  measured. 

The  condition  of  mussels  was  determined  on  a  monthly  basis  as 
described  by  Crosby  and  Laurence  (1990).  Mussels  between  65 
and  85  mm  shell  length  were  collected,  scrubbed,  and  placed  in 
fresh  water.  This  resulted  in  the  instantaneous  closing  of  the  two 
valves,  avoiding  further  intake  of  water.  Mussels  were  individually 
placed  in  a  container  full  of  water,  and  the  overflow  was  collected 
and  measured.  The  flesh  was  then  extracted,  dried  for  48  h  at  80°C, 
and  weighed.  The  dry  mass  of  mussel  flesh  (g)  was  then  divided  by 
the  volume  of  the  mussel  (mL),  and  expressed  as  a  percentage  to 
give  an  index  of  condition. 

The  effect  of  rope  spacing  on  total  raft  biomass.  production, 
and  marketable  production  was  also  investigated  by  harvesting  a 
number  of  randomly  selected  ropes  down  the  center  of  the  longi- 
tudinal axis  of  the  raft.  Biomass  was  defined  as  the  total  mass  of 
mussels  of  any  size,  harvested  from  a  rope  or  a  raft,  after  a  period 
of  time.  Total  production  was  defined  as  the  biomass  minus  the 


initial  seed  mass,  whereas  marketable  production  also  excluded 
settled  seed  and  other  unmarketable  mussels.  To  measure  the 
above  parameters,  the  initial  seed  mass  was  weighed  and  the  mus- 
sels on  each  rope  were  si/e  graded  and  weighed  at  harvesting. 
Adjacent  rafts  were  chosen  on  the  assumption  that  food  availabil- 
ity would  be  less  variable  than  rafts  further  apart. 

To  examine  differences  between  all  possible  pairs  of  means, 
multiple  comparison  tests  were  conducted  using  Tukey"s  test. 
Slopes  of  regression  models  were  compared  by  analysis  of  covari- 
ance. 


RESULTS 


Chl  a  and  Particle  Removal 


Rope  Scale 


There  was  a  substantially  greater  \olume  of  particles  in  the 
water  extracted  from  within  the  mass  of  mussels  on  the  ropes  than 
outside,  presumably  from  a  build-up  of  particles  among  the  mus- 
sels as  a  consequence  of  reduced  flushing  (Table  1 ).  The  consid- 
erably elevated  phaeopigment  concentrations  within  the  mussel 
mass  indicated  that  these  particles  were  of  detrital  origin.  These 
degradation  products  totally  dominated  the  plant  pigment  concen- 
trations within  the  rope  of  mussels.  Both  chl  a  and  particle  volume 
were  generally  lowest  at  the  rope  surface,  indicating  localized 
depletion  of  food  in  the  immediate  vicinity  of  the  rope.  Phaeopig- 
ment values  decreased  rapidly  away  from  the  ropes,  with  the  result 
that  the  ratio  of  chl  a  to  phaeopigment  increased  to  >1  at  the  front 
of  the  raft.  Downstream,  however,  the  ratios  remained  <1  some 
distance  from  the  rope,  indicating  a  general  increase  in  the  detrital 
load  through  the  raft  and  a  subsequent  decrease  in  the  quality  of 
food  available  to  mussels. 

Raft  Scale 

Substantially  higher  chl  a  and  particle  volume  concentrations 
were  available  to  mussels  on  the  upstream  side  of  a  raft  compared 
with  those  in  the  middle  or  downstream.  The  percent  particle  vol- 
ume removed  from  the  water  as  it  passed  through  a  raft  was  sig- 


TABLE  1. 

The  mean  chl  a.  particle  volume,  and  phaeopigment  concentrations  found  inside,  at  the  edge,  and  at  various  distances  from  6-mo-old  ropes 
of  mussels.  Ropes  were  sampled  from  the  upstream  (front),  the  middle,  and  downstream  (back)  sides  of  the  raft  (n  =  2  for  each  rope 

position;  standard  deviation  is  shown  in  parentheses). 


Chl  a 

Particle  Volume 

Phaeopigments 

(mg  m"') 

(mm"'  X  10'  m  ') 

(mg  m  •') 

Distance 

Front 

Middle 

Back 

Front 

Middle 

Back 

Front 

Middle 

Back 

10  cm 

5.47 

1.41 

1.21 

22.13 

5.89 

4.19 

213.5 

34.84 

31.46 

into  rope 

(0.68) 

(0.15) 

(0.54) 

(7.25) 

(1.16) 

(1.86) 

(32.5) 

(5.11) 

(6.23) 

Rope 

3.90 

0.82 

1.00 

4.31 

1.52 

1.69 

8.76 

4.98 

12.19 

surface 

(3.33) 

(0.51) 

(0.33) 

(0.60) 

(0.66) 

(0.40) 

(2.98) 

(0.74) 

(8.82) 

5  cm 

3.25 

1.64 

0.73 

5.41 

1.95 

0.90 

8.23 

2.61 

3.47 

(1.51) 

(1.26) 

(0.48) 

(1.16) 

(0.59) 

(0.14) 

(3.93) 

(2.21) 

(0.67) 

15  cm 

5.33 

1.49 

1.24 

5.96 

1.70 

1  IQ 

5,69 

2.21 

2.66 

(4.44) 

(0.96) 

(0.72) 

(0.64) 

(0.70) 

(0.16) 

(2.03) 

(0.86) 

(0.61) 

25  cm 

4.72 

1.31 

0.32 

6.76 

1.87 

1.22 

3.83 

0.86 

1.15 

(2.65) 

(0.93) 

(0.10) 

(0.58) 

(1.00) 

(0.31) 

(1.71) 

(0.42) 

(0.63) 

35  cm 

4.04 

1.55 

0.56 

7.06 

2.11 

1.32 

2.89 

1.97 

3.45 

(2.11) 

(1.18) 

(0,26) 

(0.05) 

(0.12) 

(0.16) 

(0.80) 

(0..';6) 

(2.36) 
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Figure  3.  The  relationship  between  the  volume  of  particles  and  chl  a 
removed  from  the  water  passing  through  mussel  rafts. 


nificantly  correlated  with  the  percentage  of  chl  a  removed,  indi- 
cating little  discrimination  hy  mussels  in  removing  particles 
whether  or  not  they  contained  chl  a  (Fig.  3). 

The  ropes  on  each  raft  are  of  uniform  age.  but  within  the  farm, 
individual  rafts  vary  from  newly  seeded  rafts  to  those  available  for 
harvesting,  at  6  or  7  mo.  Rafts  with  ropes  <2  mo  old  removed 
significantly  less  chl  ci  than  did  rafts  3  and  4  mo  old.  These  in  turn 
removed  considerably  less  chl  a  than  did  ropes  that  had  been  in  the 
water  for  longer  than  6  mo  (Fig.  4).  These  experiments  were  all 
conducted  on  rafts  with  rope  spacings  of  60  cm,  with  mature  rafts 
capable  of  removing  in  excess  of  90%  of  the  chl  a  from  the  water. 

The  efficiency  of  removal  of  particles  also  varied  with  rope 
spacing.  Removal  of  both  chl  a  and  particle  volume  was  signifi- 
cantly greater  for  rafts  with  60-cm  rope  spacings  than  for  rafts  of 
the  same  age  with  90-cm  rope  spacings  (Fig.  5;  Tables  2  and  3). 
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Figure  5.  Particle  volume  (P.V.I  and  chl  a  removal  through  rafts  with 
6-mo-old  nmssels  spaced  al  60  and  90  cm. 

Chi  a  and  particle  volume  removal  through  a  raft  therefore  in- 
creased with  both  the  age  of  the  mussel  ropes  suspended  from  it 
and  with  decreased  rope  spacing. 

Farm  Scale 

At  the  farm  scale,  marked  differences  were  observed  between 
chl  a  levels  at  the  front  and  the  back  of  the  tarm  (Fig.  6).  Chl  (/ 
distributions  within  the  farm  reflect  phytoplankton  spatial  hetero- 
geneity resulting  from  several  processes,  including  the  effect  of 
removal  by  mussel  feeding.  On  the  basis  of  current  speed  data  in 
and  around  rafts  of  1.2,'i  and  7.5  cm  s.~'  respectively  (Boyd  and 
Heasman  l4i-)8).  and  the  rate  of  food  removal  by  the  rafts,  it  was 
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Figure  4.  The  percentage  of  chl  a  removed  from  water  passing  at  2-ni  depth  through  rafts  with  mussels  ranging  in  age  from  <2  mo  to  >6  mo. 
Rope  spacing  on  all  rafts  was  M)  cm.  \  eriical  bars  signify  standard  deviation. 
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TABLK  2. 

Tlu'  pi'ici'iil  chl  (f  rt'iiKiiniii<:  in  thi'  \\:itur  on  |);issin^  thniii^h 

6-nu)-old  mussel  rafis  "ilh  6(1-  and  y(l-cni  rope  spacing.  DilTiTtnl 

superscripts  indicate  significant  diiferences  at  p  <  U.U5. 


Chin  (""() 

Chi  fl  ( Tf » 

till  a  ( f^f ) 

J 
I 

remaining  at 

remaining  at 

remaining  at 

O 

Rope  Spacing 

4  m  (SD) 

8  m  (SI)I 

12  m  (SD) 

z 

60  cm 

45.91" 

31.73" 

19.15^ 

< 

UJ 

ir 

(20.7) 

(9.15) 

(9.68) 

90  cm 

67.94" 

52.57"'' 

29.02" 

(32.22) 

(15.14) 

(2.88) 

calciiliitcd  that  169f  of  the  food  particles  delivered  to  the  farm 
would  be  extracted  if  the  water  passed  once  through  the  entire 
fann.  The  observed  reduction  in  chl  a  concentration  of  >309'<:  from 
the  front  to  the  back  of  the  farm  may  be  a  function  of  reduced  flow 
in  the  more  sheltered  regions  of  the  farm  (Boyd  and  Heasman 
1998). 

Growth  and  Production 

Mean  mussel  growth  rates  were  plotted  for  growth  trials  con- 
ducted on  rafts  with  60-  and  90-cm  rope  spacings  during  the  period 
from  September  1 993  to  March  1995  (Fig.  7).  and  the  slopes  of  the 
regression  models  of  growth  rate  for  these  and  the  1993  winter 
trials  are  compared  (Table  4).  The  slopes  of  the  regression  models 
of  growth  rate  from  the  top  (Meter  1)  and  bottom  (Meter  6)  of 
sample  ropes  from  both  ends  and  from  the  center  of  the  rafts  tor 
the  trials  conducted  between  September  1993  and  March  1995  are 
also  compared  (Table  5). 

Winter  growth  rates  were  significantly  slower  than  those  in 
summer,  irrespective  of  rope  spacing.  Mussels  on  rafts  with  9(}-cm 
rope  spacing  grew  significantly  faster  than  those  on  60-cm  spaced 
ropes  during  the  winter  of  1993  and  the  summer  of  1993  to  1994. 
Similar  observations  were  made  during  the  1994  winter  and  the 
1994  to  1995  summer  period;  however,  the  differences  were  not 
statistically  significant,  possibly  as  a  result  of  the  masking  effects 
of  fouling  (Table  4).  Growth  rate  was  also  significantly  affected  by 
positon  of  the  mussels  on  the  ropes  and  by  position  of  the  ropes  on 
the  raft.  However,  there  was  no  consistent  trend  for  better  growth 
in  any  one  position  within  seasons.  The  mussels  at  the  top  of  the 
center  rope  in  the  raft  with  90-cm  rope  spacing  showed  signifi- 
cantly better  growth  than  did  the  mussels  at  the  same  position  in 
the  rafts  with  60-cm  rope  spacing  during  summer.  Although  this 

TABLE  3. 

The  percent  particle  volume  remaining  in  the  water  on  passing 
through  6-nio-old  mussel  rafts  with  60-  and  90-cm  rope  spacing. 
Different  superscripts  inciate  significant  differences  at  p  <  0.05. 


Particle 

Particle 

Particle 

volume  (% ) 

volume  ( % ) 

volume  i%) 

remaining  at 

remaining  at 

remaining  at 

Rope  Spacing 

4  m  (SD) 

8  m  (SD) 

12  m  (SD) 

60  cm 

37.16*' 

22.74" 

20.44" 

(15.72) 

(16.01) 

(12.80) 

90  cm 

63.12" 

5 1 .49"'' 

29.  L5" 

(16.02) 

(15.13) 

(2.87) 
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Figure  6.  The  percentage  of  chl  ii   removed   from  water  passing 
through  the  mussel  farm.  \  ertical  bars  signify  standard  deviation. 


trend  was  also  evident  in  winter,  the  differences  were  not  statisti- 
cally significant  (Table  5), 

Biomass.  production,  and  marketable  production  were  found  to 
be  significantly  higher  for  ropes  spaced  at  90  cm  (Table  6).  These 
differences  were  particularly  evident  for  the  production  of  medium 
and  large  mussels.  From  these  data,  it  was  inferred  that  the  total 
harvest  of  marketable  mussels  from  rafts  with  90-cn'i  rope  spacings 
was  greater  than  that  from  rafts  with  6()-cm  spacings,  despite  the 
reduced  number  of  ropes  (Table  1). 


Summer 


10  20 
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□  Center  bottom 


40  50 
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Figure  7.  The  summer  and  winter  growth  of  mussels  on  rafts  with  60- 
and  90-cm  rope  spacings. 
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TABLE  4. 

Slopes  of  the  regression  equations  for  shell  length  as  a  function  of 

time  for  rafts  of  different  rope  spacings  (6(1  and  90  cm)  over  two 

summer  periods  and  two  winter  periods.  Different  superscripts 

indicate  significant  differences  at  p  <  0.05. 


TABLE  6. 

Mean  mussel  biomass,  production,  and  marketable  production  (kg) 

for  6-m  ropes  on  two  adjacent  rafts  with  different  rope  spacing  (n  = 

16).  The  trial  extended  from  September  1993  to  March  1994 

(n=  16). 


Season 

Rope  Spacing  (cm) 

/■ 

Regression  Slope 

Parameter 

60-cm  Rope  Spacing 

(SD) 

90-cm  Rope  Spacing 

Summer  1993/4 
Summer  1994/5 

90 
90 

0.87 
0.78 

2.1 1-' 
1 .95" 

(SD) 

Total  biomass 

273.87-' 

326.89" 

Summer  1993/4 

60 

0.80 

1.91" 

(35.89) 

(48.99) 

Summer  1994/5 

60 

0.83 

1.85" 

Initial  seed  mass 

20.2  r 

20.2  r 

Winter  1993 

90 

0.80 

1.46'-' 

(6.13) 

(6.13) 

Wimer  1994 

90 

0.81 

1 .37"" 

To(al  production 

251.66'' 

306.68'-" 

Winter  1993 

60 

0.82 

1 .32'' 

(29.76) 

(42.86) 

Winter  1994 

60 

0.78 

1.29'' 

Settled  seed  mass 
Marketable  production 

123.89' 
(20.77) 
80.878 

139.78' 

(24.84) 
116.76" 

Condition 

Although  there 

was 

a  tendency  fo 

•  the  con 

Jition  of  mussels  to 

Small  mussels 

(9.52) 
18.43' 
(8.89) 

(10.93) 
16.12' 

(4.71) 

be  affected  by  the  rope  position  within  the  raft 
of  ropes,  these  differences  were  not  statistica 

and  by  the  spacing 
lly  significant.  The 

Medium  mussels 

39.04' 
(15.79) 

51.33' 
(10.52) 

condition  of  mussels  ir 

the  center  of  the  rafts  tended  to  be  lower 

Large  mussels 

23.4k'' 

49.31' 

than  that  at  either  end. 

espeically  on 

rafts  with  60-cm  rope  spac- 

(3.88) 

(17.55) 

ings.  The  condition  of  mussels  at  the  raft  extremities  not  only 
appeared  to  be  higher  but  were  also  less  affected  by  rope  spacing, 
reflecting  excess  food  in  these  areas  (Fig.  8). 


Small  mussels,  =65-75  mm  shell  length  (SD;  medium  mussels,  =76-83 
mm  SL;  large  mussels,  =>83  mm  SL.  Marketable  production  =  sum  of 
production  of  small,  medium,  and  large  mussels. 


DISCUSSION 

Saldanha  Bay  is  a  highly  productive  systein  providing  a  food 
environment  and  temperature  regimen  optimal  for  the  farming  of 
the  mussel  M.  gallopivviiicialis.  The  dense  culture  of  mussels  on 
rafts  is  responsible  for  local  limitations  in  food  supply  at  the  scale 
of  the  raft,  requiring  bay,  farm,  and  raft  scale  approaches  to  the 
estimation  of  carbon  flow  through  the  mussels  (Boyd  and  Heas- 
man 1998).  The  bay  is  characterized  by  subsurface  nitrate  input 
and  high  chl  a  levels  for  most  of  the  year  (mean  water  column  chl 
a  of  8.62  mg  nr';  Pitcher  and  Calder  1998).  Phytoplankton  vari- 
ability is  controlled  primarily  by  changes  in  the  physical  state  of 
the  bay  as  determined  by  inputs  of  eneigy  with  the  coastal  up- 
welling  system  and  the  atmosphere  (Pitcher  and  Calder  submitted), 
and  because  suspended  food  reaches  bivalves  through  advection, 
an  appreciation  of  water  circulation  and  exchange  is  also  required 
to  estimate  the  sustainable  level  of  mussel  production  in  the  bay 
(Boyd  and  Heasman  1998). 


Water  entering  rafts  in  Saldanha  Bay  therefore  has  a  high 
seston  load,  exceeding  the  pseudofeces  threshold  of  mussels  (Fos- 
ter-Smith 1975,  Widdows  et  al.  1979,  Ki(t>rboe  et  al.  1980,  Bayne 
et  al.  1989,  Bayne  et  al.  1993).  The  situation  in  the  raft  interior, 
however,  is  different.  Current  speeds  decay  as  water  progresses 
through  the  raft,  as  does  the  food  supply,  with  chl  a  and  particle 
volume  concentrations  reduced  by  67  and  77%,  respectively,  for 
rafts  with  rope  spacings  of  60  cm.  The  greater  food  removal  by 
older  seed  ropes  spaced  at  60  cm  is  therefore  a  function  of  both 
increased  feeding  and  greater  retardation  of  water  exchange 
through  rafts  with  more  mussel  mass.  Thus,  the  marginal  food 
balance  within  rafts  is  primarily  a  consequence  of  limited  flow 
through  the  rafts,  rather  than  ambient  advection.  Here,  mussels 
may  compensate  for  lower  food  availability  by  altering  their  feed- 
ing behavior.  Assuming  food  quality  is  high,  the  ventilation  period 
would  increase,  as  would  filtration  rates,  no  pseudofeces  would  be 
produced,  gut  passage  time  would  be  increased,  and  assimilation 


TABLE  5. 

Slopes  of  the  regression  equations  for  shell  length  as  a  function  of  time  for  different  positions  on  a  raft,  i.e..  south  end,  center,  and  north 
end,  and  top  and  bottom  of  each  rope,  (irowth  trials  took  place  over  sunmier  and  winter  periods  on  rafts  with  different  rope  spacings  (60 

or  9(1  cm).  Different  superscripts  indicate  signiFicant  differences  at  p  <  0.05. 


1993  to  1994 

1993  to  1994 

1994  to  1995 

1994  to  1995 

1994 

1994 

60  cm 

90  cm 

60  cm 

90  cm 

60  cm 

90  em 

Position 

Summer 

Summer 

Summer 

Summer 

Winter 

Winter 

South  top 

1.94"^ 

1 .98' 

l.S'' 

2.18" 

i.,W 

1..36' 

South  bottom 

1.97' 

1.92'= 

1 .67'' 

->   T^t' 

1.32' 

1.25' 

Center  top 

1 .97' 

2.34" 

1.6.3'' 

1    l')^ 

1.38' 

1 .39' 

Center  bottom 

2.02' 

1.94' 

2.07"" 

2.20" 

1.38' 

l.28'8 

North  top 

1.99' 

2.35" 

2.12" 

1.96' 

1.268 

1.17*^ 

North  bottom 

2.22" 

2.39" 

2.19" 

1 .96' 

Storm  damage 

1.47' 

RaKI'  CULniRH  OK  M.   CAl.l.OFROVINCIAlJS 
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TABI  F  7. 

Mean  production  ol  inurki'tuble  mussels  (kj;!  for  two  sizes  of  raft, 
each  with  different  rope  spacing. 


Small  Raft 
(15  X  II  ml 


Large  Raft 

(22  X  11  m) 


6(l-cni 

Rope 

Spacing 


9((-cni 

Rope 

Spacing 


6()-cni 

Rope 

Spacing 


90-cm 

Rope 

Spacing 


Marketable  Production 


26.121 


28.606 


.^9.869 


4.1.785 


and  absorption  efficiency  would  improve  (Bayne  el  al.    1989. 
Bayne  et  al.  19931. 

Despite  possible  compensation,  it  appears  that  at  a  rope  spacing 
of  60  cm,  insufficient  food  reaches  the  center  of  the  raft  for  optimal 
mussel  growth  and  production.  With  a  rope  spacing  of  90  cm.  the 
delivery  of  chl  a  and  particle  volume  to  the  center  of  the  raft 
increased  by  14  and  26%,  respectively,  and  this  is  reflected  in  the 
growth  rate  of  mussels.  At  a  given  rope  spacing,  the  summer 
growth  rate  is  30%  faster  than  the  winter  growth  rate,  and  during 
summer,  mussel  growth  rate  on  ropes  spaced  90  cm  apart  is  a 
further  8%  higher  than  those  spaced  60  cm  apart.  At  the  time  of 
harvesting,  a  30%  increase  in  the  production  of  marketable  mus- 
sels was  measured  from  ropes  suspended  at  the  increased  spacing. 
Consequently,  the  total  harvest  of  marketable  mussels  was  calcu- 
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Figure  8.  The  condition  index  of  mussels  on  rafts  with  60-  and  911-cni 
spaced  ropes. 

lated  to  be  9%  higher  from  the  rafts  with  lower  rope  density.  The 
increased  rope  spacing  also  reduces  the  growout  period  to  market- 
able size  by  2-4  wk.  which  given  the  exceptionally  fast  growth 
rates  of  mussels  in  Saldanha  Bay.  is  significant  in  terms  of  farm 
management  and  annual  production. 

ACKNOWLEDGMENTS 

We  thank  the  management  of  Sea  Harvest  Corporation  and  in 
particular  Mr.  Andre  du  Plessis  for  their  cooperation  and  logistical 
support  during  the  field  studies. 


LITERATURE  CITED 


Bayne.  B.  L..  A.  J.  S.  Hawkins.  E.  Navarro  &  I.  P.  Iglesias.  1989.  Effects 
of  seston  concentration  on  feeding,  digestion  and  growth  in  the  mus.sel 
Myriliis  edulis.  Mar.  Ecol.  Prog.  Ser.  55:47-54. 

Bayne.  B.  L.,  J.  1.  P.  Iglesias.  A.  J.  S.  Hawkins,  E.  Navarro.  M.  Heral  & 
J.  M.  Deslous-Paoli.  1993.  Feeding  behaviour  of  the  mussel.  Myliliis 
edulis:  responses  to  variations  in  quantity  and  organic  content  of  the 
seston.  J.  Mar  Biol.  Assoc.  U.K.  73:813-829. 

Boyd.  A.  J.  &  K.  G.  Heasman.  1998.  Shellfish  mariculture  in  the  Benguela 
System:  water  flow  patterns  within  a  mussel  farm  in  Saldanha  Bay. 
South  Africa.  /  Shellfish  Res.  17:25-32. 

Crosby.  M.  P.  &  D.  G.  Laurence.  1990.  A  review  and  e\  aluation  of  bivalve 
condition  index  methodologies  with  a  suggested  standard  method.  J. 
Shellfish  Res.  9:233-237. 

Foster-Smith.  R.  L.  1975.  The  effect  of  concentration  of  suspension  and 
inert  material  on  the  assimilation  of  algae  by  three  bivalves.  /  Mar 
Biol.  Assoc.  U.K.  55:411-418. 

Grant.  J..  M.  Dowd.  K.  Thompson,  C.  Emerson  &  A.  Hatcher.  1993. 
Perspectives  on  field  studies  and  related  biological  models  of  bivalve 
growth  and  carrying  capacity.  In:  R.  F.  Dame  (ed.).  Bivalve  Filter 
Feeders  in  Esluarine  and  Coastal  Ecosystem  Processes.  Springer- 
Vedag.  Berlin  NATO  ASl  Series.  33:371-420. 

Grant.  J..  J.  Stenton-Dozey.  P.  Monteiro.  G.  Pitcher  &  K.  Heasman.  1998. 
Shellfish  mariculture  in  the  Benguela  System:  a  carbon  budget  of 
Saldanha  Bay  for  raft  culture  of  Mytiliis  galloprovincialis.  J.  Shellfish 
Res.  17:41^9. 

Heasman,  K.  G.  1996.  The  influence  of  oceanographic  conditions  and  cul- 
ture methods  on  the  dynamics  of  mussel  farming  in  Saldanha  Bay. 
South  Africa.  MSc.  Thesis.  Rhodes  University.  South  Africa. 

Hecht,  T.  &  P.J.  Britz.  1992.  The  current  status,  future  prospects  and 


environmental  implications  of  mariculture  in  South  Africa.  S.  Afi:  J. 
Sci.  88:335-,342. 

Ki<t)rboe.  T..  F.  Mcfchlenberg  &  O.  Nohr.  1980.  Feeding,  panicle  selection 
and  carbon  absorption  in  Mytilus  edulis  in  different  mixtures  of  algae 
and  resuspended  bottom  material.  Ophelia.  19:193-205. 

Navarro,  E..  J.  1.  P.  Iglesias.  A.  Perez  Camacho.  U.  Labarta  &  R.  Beiras. 
1991.  The  physiological  energetics  of  mussels  {Mytilus  galloprovin- 
cialis Lmki  from  different  cultivation  rafts  in  the  Ria  de  Arosa  (Galicia. 
N.W.  Spain).  Aquaculture.  94:197-212. 

Par,sons.  T.  R..  Y.  Malta  &  C.  M.  Lalli.  1984.  A  Manual  of  Chemical  and 
Biological  Methods  for  Seawater  Analysis.  Pergamon  Press.  Oxford. 

Perez  Comacho.  A..  R.  Gonzalez  &  J.  Fuentes.  1991.  Mussel  culture  in 
Galicia  (N.W.  Spain).  Aquacuhure.  94:263-278. 

Pitcher.  G.  C.  &  D.  Calder.  1998.  Shellfish  mariculture  in  the  Benguela 
System:  Phytoplankton  and  the  availability  of  food  for  commercial 
mussel  farms  in  Saldanha  Bay.  South  Afnca.  /  Shellfish  Res.  17:15- 
25. 

Shannon.  L.  V.  1985.  The  Benguela  ecosystem.  Part  1.  Evolution  of  the 
Benguela.  physical  features  and  processes.  Oceanngr  Mar.  Biol.  .Ann. 
Rev.  23:10.5-182. 

Sheldon.  R.  W.  &  T.  R.  Parsons.  1967.  A  Practical  Manual  on  the  Use  of 
the  Coulter  Counter  in  Marine  Science.  Coulter  Counter.  Toronto,  66 
pp. 

van  Erkom  Schurmk.  C.  &  C.  L.  Griffiths.  1992.  Physiological  energetics 
of  four  South  African  mussel  species  in  relation  to  body  size,  ration  and 
temperature.  Comp.  Biochem.  Physiol.  101A:779-789. 

Widdows.  J..  P.  Fieth  &  C.  M.  Worrall.  1979.  Relationships  between 
seston,  available  food  and  feeding  activity  in  the  common  mussel  Myti- 
lus edulis.  Mar.  Biol.  50:195-207. 


.liHiriiol  of  Shellfish  Rvsaiirh.  Vol.  17,  No.   1.41^9.  IWS. 

SHELLFISH  CULTURE  IN  THE  BENGUELA  SYSTEM:  A  CARBON  BUDGET  OF  SALDANHA 
BAY  FOR  RAFT  CULTURE  OF  MYTILUS  GALLOPROVINCIAUS 


JON  GRANT.'  JEANNIP:  STENTON-DOZEY,-  PEDRO  MONTEIRO,- 
GRANT  PITCHER,-  AND  KEVIN  HEASMAN' 

' DciHirniicnl  of  Oceanoj^iupliy 

Dalhousic  University 

Halifax.  Nora  Scolia 

Canada  BJH  4JI 
'Sea  Fisheries  Research  Insiimte 

Private  Bag  X2 

Cape  Town  HQI2.  South  Africa 
'  Rhodes  University 

Grahamstowu.  Soutli  Africa 


ABSTRACT  A  carbon  budget  of  Saldanha  Bay  (South  Africa)  was  constructed  as  a  first  step  in  estimating  carrying  capacity  of  the 
bay  for  tloating  raft  culture  of  the  mussel  Mylilus  galloprovincialis.  The  bay  is  part  of  the  Benguela  upwelhng  system  and  is 
characterized  by  subsurface  nitrate  input  and  high  chlorophyll  levels  for  most  of  the  year.  On  the  basis  of  existing  mussel  yield,  a 
top-down  approach  was  used  to  estimate  the  phytoplankton  carbon  consumed  by  mussel  production.  These  calculations  were  compared 
with  a  bottom-up  approach  using  observed  phytoplankton  production  and  water  exchange  to  calculate  potential  production  of  mussels. 
These  results  indicate  that  mussel  rafts  require  an  exchange  rate  of  only  UK/r  of  the  estimated  rate,  even  allowing  for  frictional  flow 
inhibition  by  the  rafts.  Within  the  1.000  ha  of  proposed  culture,  mussel  production  would  be  the  dominant  carbon  sink,  requiring  7.5% 
of  the  advected  food  supply  compared  with  suspension-feeding  benthos  (3%).  fouling  organisms  on  the  mussel  lines  (2.5%),  and 
zooplankton  (2%).  These  estimates  are  for  an  idealized  case  wherein  phytoplankton  are  renewed  via  exchange  of  water  from  outside 
the  culture  area.  The  ultimate  constraint  on  mussel  production  is  new  primary  production  for  the  whole  bay  (4.480  ha),  and  calculations 
on  this  basis  indicate  that  secondary  production  by  suspension-feeding  benthos  is  dominant  (40%  of  new  production),  followed  by 
zooplankton  (24%).  mussels  (21%).  and  fouling  organisms  (7%).  There  is  a  small  carbon  surplus  of  -8%  of  new  production,  which 
could  potentially  be  channeled  into  further  mussel  culture,  although  approximations  used  in  the  carbon  budget  make  it  difficult  to  gauge 
the  error  on  this  estimate.  We  recommend  doubling  the  raft  density  from  1  to  2  ha^'  in  several  hectares  of  culture  and  comparing  growth 
w  ith  present  density  culture  areas  as  a  means  of  testing  whether  the  system  is  close  to  carrying  capacity.  Although  these  calculations 
can  be  made  on  an  annual  basis,  interannual  variation  in  upwelled  forcing  of  new  production  remains  a  significant  regulator  of 
system-wide  production  in  Saldanha  Bay. 

KEY  WORDS:     Mussels,  aquaculture.  carrying  capacity.  Banguela.  Mxtiliis  f^cillopnnincicilis,  top  down 


INTRODUCTION 

The  calculation  of  carbon,  nitrogen,  and  energy  budgets  is  a 
useful  approach  in  understanding  trophic  relationships  in  marine 
ecosystems.  Although  carbon  budgets  are  not  predictive  in  the 
sense  of  dynamic  simulation  models,  they  allow  assessment  of  the 
structure  of  food  webs,  and  a  first  approximation  as  to  whether  the 
magnitude  of  calculated  fluxes  is  appropriate.  This  method  is  par- 
ticularly useful  in  understanding  the  effect  of  suspension-feeding 
bivalves  in  coastal  systems.  A  variety  of  studies  have  shown  that 
bivalves  can  filter  water  and  deposit  feces  and  pseudofeces  in 
sufficient  quantities  to  regulate  phytoplankton  populations,  water 
clarity,  nutrient  cycling,  and  benthic-pelagic  coupling  (Dame 
1996).  The  application  of  carbon  budgets  to  cultured  bivalves  can 
also  be  used  in  determining  the  carrying  capacity  of  a  bay  or 
estuary  for  aquaculture  production  and  for  estimating  biodeposi- 
tion  and  potential  effect  on  the  benthos  (Rodhouse  and  Roden 
1987.  Hatcher  et  al.  1994). 

Among  culture  methods,  raft  culture  is  intensive  with  respect  to 
the  high  density  of  mussels  grown  on  the  structures.  Studies  of  raft 
culture  in  the  Spanish  Rias  demonstrate  that  there  is  local  seston 
depletion  due  to  suspension  feeding,  with  chlorophyll  reduced  by 
60%  as  it  passes  through  the  raft  (Perez  Comacho  et  al.  1991 ).  The 
effect  of  the  rafts  on  the  benthos  is  also  apparent  in  that  the 
underlying  sediments  are  hypoxic  with  an  infauna  characteristic  of 


high  organic  loading  (Tenore  et  al.  1982).  Despite  these  ecosys- 
tem-level effects,  there  has  been  little  attempt  to  use  carbon  bud- 
gets in  a  management  sense  to  estimate  the  level  of  production  that 
can  be  sustained  in  a  given  area  (e.g.,  Carver  and  Mallet  1990). 
Because  suspended  food  reaches  bivalves  through  diffusion/ 
advection.  an  appreciation  of  water  circulation  and  exchange  is 
required  to  complete  these  calculations,  and  this  information  is  not 
available  in  many  cases. 

In  this  study,  we  calculate  a  carbon  budget  for  Saldanha  Bay.  a 
large  embayment  (7,000  ha)  on  the  West  Coast  of  South  Africa. 
Suspended  raft  culture  of  Mytiliis  galloprovincialis  has  been  on- 
going in  the  bay  since  1984  (van  Erkoni  Schurink  and  Griffiths 
1990).  A  variety  of  studies  of  Saldanha  Bay  have  previously  been 
carried  out  including  physical/chemical  characteristics  (Shannon 
and  Stander  1977).  primary  production  (Henry  and  Mostert  1977). 
and  their  relationship  to  the  well-studied  Benguela  upwelling  sys- 
tem on  the  shelf  (see  Monteiro  and  Brundrit  in  press).  Because  of 
the  dense  culture  of  animals  on  the  rafts,  there  may  be  local  limi- 
tations in  food  supply  at  the  scale  of  the  raft,  requiring  bay-,  farm-, 
and  raft-.scale  approaches  to  the  estimation  of  carbon  flow  through 
the  mussels  (see  also  Boyd  and  Heasman  1998). 

A  variety  of  definitions  have  been  applied  to  the  term  carrying 
capacity.  In  previous  work  on  bivalve  aquaculture,  it  has  been  used 
to  mean  a  change  in  growth  trajectory  for  individual  animals 
(Grant  et  al.  199.3)  as  a  function  of  stocking  density.  In  this  study. 
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we  define  carrying  capacity  as  the  maximum  flux  of  mussel  carbon 
biomass  that  can  be  derived  from  phytoplankton.  Our  emphasis  is 
on  new  primary  production  Lsensu  Dugdale  and  Goering  1967). 
because  harvested  mussel  biomass  represents  a  net  loss  of  carbon 
and  nitrogen  from  the  system.  Other  demands  of  mussels  are  re- 
turned to  the  system  as  regenerated  production  (e.g..  ammonium 
excretion)  and  do  not  represent  a  net  loss  of  primary  production.  In 
determining  the  level  of  mussel  production  that  can  be  sustained  in 
Saldanha  Bay,  we  first  take  a  bottom-up  approach  involving  the 
potential  mussel  production  that  could  arise  from  new  primary 
production  in  the  bay  and.  second,  take  a  top-down  approach  to 
estimate  the  food  requirements  of  e.xisting  levels  of  mussel  growth 
in  the  culture  area.  Although  existing  levels  of  production  may  not 
be  at  carrying  capacity  (i.e..  denser  culture  could  be  achieved), 
growth  of  cultured  mussels  provides  a  convenient  comparison  to 
potentially  higher  levels  of  production  that  may  be  supportable. 
We  therefore  use  data  from  a  variety  of  sources  to  pose  the  fol- 
lowing questions: 

1.  How  much  mussel  production  can  be  supported  by  mea- 
sured primary  production  in  the  lease  area  (bottom  up)? 

2.  How  much  phytoplankton  carbon  is  required  to  support 
present  levels  of  mussel  production  in  the  culture  area  (top 
down)? 

3.  What  exchange  rate  is  required  to  supply  that  phytoplankton 
carbon? 

4.  What  is  the  magnitude  of  new  phyt<iplankton  production 
required  by  zooplankton.  raft-fouling  organisms,  and 
benthos  compared  with  the  mussels? 

5.  What  is  the  exchange  rate  of  water  and  seston  in  the  lease 
sites? 

6.  How  does  local  exchange  at  the  raft  scale  limit  mussel  pro- 
duction? 


.STUDY  SITE 

Saldanha  Bay  is  one  of  the  few  large  embayments  on  the  coast 
of  South  Africa  and  is  used  heavily  for  both  industrial  and  fishery 
purposes.  The  bay  was  divided  in  1975  by  an  iron  ore  jetty  into  the 
inner  Small  Bay  (2.000  ha)  and  the  outer  Big  Bay  (5.000  ha)  (Fig. 
1 ).  For  this  study,  we  consider  only  the  area  of  new  primary 
production,  i.e..  the  area  above  the  thermocline  (mean  depth.  8.5 
m)  over  which  new  nitrogen  can  be  exchanged  (4.480  ha).  Current 
mussel  culture  is  restricted  to  the  outer  portion  of  Small  Bay  (Site 
1.  12-m  depth)  and  is  primarily  conducted  by  a  single  company. 
Sea  Harvest.  At  present,  there  are  60  rafts  at  a  density  of  one  per 
hectare,  with  a  potential  allocation  of  up  to  1,000  ha  for  culture 
(Site  2).  Rafts  vary  in  size,  but  a  representative  size  is  11  x  14  m. 
with  3.^2  ropes  per  raft.  The  hydrography  of  Saldanha  Bay  is 
dominated  by  forcing  of  the  Benguela  upwelling,  which  occurs  in 
summer  (effectively,  September  to  June)  and  causes  intrusion  of 
nutrient-rich  cold  water  with  continuous  offshore  transport  of 
warm  surface  water  (Monteiro  et  al  1998).  The  water  column  is 
thus  sharply  stratified  during  this  period,  and  there  is  consistently 
high  primary  production  for  300  days  of  the  year  (Monteiro  and 
Brundrit  1990.  Pitcher  and  Calder  1998). 


RESULTS 


Primary  Production 


The  critical  source  of  phytoplankton  arises  from  primary  pro- 
duction of  resident  cells.  Because  of  the  input  of  subsurface  water 
via  upwelling.  we  do  not  consider  exchange  with  the  upper  water 
column  of  the  shelf  as  a  source  of  particles.  Nitrate  supply  is  used 
to  determine  food  input  to  mussels  via  photosynthesis,  because 
although  mussels  are  grazing  cells  produced  from  regenerated  nu- 
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Figure  1.  Map  of  Saldanha  Bay  illustrating  the  areas  of  mussel  ciilli>uti()n. 
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trients,  a  dependence  on  this  source  would  ultimately  graze  down 
the  standing  stock  and  signify  exceedance  of  carrying  capacity 
(Wassmann  1^)8S).  Annual  cycles  of  primarv  production  in 
Saldanha  Bay  are  closely  tied  into  upwelling-dri\en  entrainnient  of 
nitrate  into  the  euphotic  zone,  with  new  production  being  about 
20<7r  of  total  production  (Monteiro  et  al,  1998).  Studies  of  chlo- 
rophyll dynamics  in  the  bay  indicate  several  scales  of  variability 
including  seasonal  and  interannual  (Monteiro  and  Brundrit  1990. 
Pitcher  and  Calder  1998).  Chlorophyll  is  generally  high  throughout 
the  year,  reaching  values  of  >50  p,g  L"',  and  is  low  only  during  the 
brief  austral  winter  period  when  upwelling  winds  are  inactive  and 
chlorophyll  declines  to  <.'i  p.g  L"'  (Pitcher  and  Calder  1998).  On 
shorter  time  scales,  there  are  recurrent  peaks  in  chlorophyll  with  6- 
to  7-day  periodicity  due  to  wind  events  and  a  subsequent  relax- 
ation phase  (Monteiro  et  al.  1998).  An  annual  average  for  new 
production  in  Saldanha  Bay  has  been  estimated  from  the  turbulent 
diffusion  of  nitrate  into  the  euphotic  zone  based  on  temperature 
profiles  and  nitrate-temperature  relations  (Monteiro  et  al.  1998). 
Application  of  a  Redfield  ratio  to  nitrate  flux  yields  a  new  pro- 
duction of  0.62  g  of  C  m  "  d"'.  Moreover,  an  estimate  of  new 
production  in  Saldanha  Bay  derived  from  an  entrainnient  model  of 
exchange  across  the  thermocline  and  average  nitrate  concentration 
produced  a  similar  value  (Monteiro  et  al.  1998).  We  recognize  that 
there  may  be  periods  during  which  mussels  are  more  food  limited 
(e.g..  winter)  and  that  an  annual  estimate  of  primary  production 
averages  out  these  periods.  Averaged  over  the  12-m  water  column, 
the  standing  stock  of  total  phytoplanktoii  carbon  based  on  chloro- 
phyll measurements  (Pitcher  and  Calder  1998)  and  C:Chl  =  50  is 
5.2  g  of  C  m"-. 

Despite  the  data  record  for  phytoplankton.  the  dynamics  of 
particulate  organic  carbon  are  poorly  known  for  Saldanha  Bay. 
The  concentration  of  total  organic  particulates  is  consistently  high 
through  the  year  at  -10  nig  L~'  (Heasman  1996).  but  the  nature  of 
this  material  is  unknown.  In  contrast,  other  sites  on  the  Cape 
Peninsula  have  been  well  characterized.  Previous  studies  of  these 
areas  indicate  that  there  is  abundant  kelp  detritus  in  the  water 
column,  which  provides  significant  nutrition  for  other  mussel  spe- 
cies such  as  Aulacomya  ater  and  Choromytilus  meridionalis  (Grif- 
fiths 1980.  Stuart  1982.  Fielding  and  Davis  1989).  Saldanha  Bay  is 
not  kelp  rich,  but  the  red  macroalga  Gracilaria  verntcosa  grows  in 
subtidal  beds  and  appears  on  the  beaches  in  massive  detrital 
wracks  (Simons  1977).  Detritus  from  Gracilaria  sp.  has  a  C:N  = 
-6.  similar  to  phytoplankton.  and  is  known  as  a  nutritional  food 
source  for  deposit-feeding  polychaetes  (Tenore  1977).  For  the  pur- 
poses of  our  carbon  budget,  we  have  assumed  that  all  upwelled 
nitrogen  is  channeled  into  new  phytoplankton  production,  leaving 
none  for  macrophytes.  Although  this  approach  accounts  for  all  of 
the  new  production  arising  from  new  nitrogen,  it  allows  all  pro- 
duction to  occur  in  a  labile  form  (phytoplankton  cells)  and  creates 
a  maximal  estimate  of  food  supplies  available  to  mussels. 

Exchange  and  Predicted  Mussel  Prnductinn 

The  passage  of  water  through  the  lease  is  used  as  a  measure  of 
food  delivery  via  tidal  and/or  wind-driven  exchange.  For  an  aver- 
age flow  of  7.5  cm  sec  '  in  the  upper  6  m  (Boyd  and  Heasman 
1998).  the  transit  time  of  a  particle  through  a  hectare  of  water 
(assuming  no  impedance  by  rafts)  would  be  0..^7  h.  resulting  in  65 
turnovers  of  water  through  a  raft  site  per  day  assuming  24  h  of 
flow.  In  summer,  the  production:biomass  (P:B)  ratio  of  the  phy- 
toplankton in  the  euphotic  zone  based  on  measurements  in  Pitcher 


and  Calder  (1998)  and  C:Chl  =  .50  is  I.I.  so  that  the  standing 
stock  of  phytoplankton  responsible  for  estimated  new  production 
is  0.54  g  of  C  m'.  The  transport  tlux  of  phytoplankton  carbon  to 
a  culture  site  is  65  times  this  value.  .^5.1  g  of  C  m"-^  day*'.  Adding 
in  the  daily  primary  production  to  this  value  (0.62  g  of  C  m"^ 
day"')  results  in  a  food  supply  of  ~.^6  g  of  C  m"'  day"'.  Despite 
this  potentially  large  delivery  of  food,  the  flow  through  the  mussel 
ropes  reduces  the  ambient  How  by  a  factor  of  6  to  1.25  cm  sec" 
(Boyd  and  Heasman  1998).  If  we  apply  this  reduction  to  a  whole 
hectare  containing  a  raft,  the  exchange  becomes  10.8  turnovers 
day"'.  The  flux  of  food  arising  from  new  production  and  its  trans- 
port through  the  rafts  is  thus  5.8  g  of  C  m""  day"'  +  0.62  g  of  C 
m""  day"'  primary  production  =  -6.4  g  of  C  m""  day"',  assuming 
that  the  entering  water  is  "new"  and  unfiltered.  Because  new 
phytoplankton  production  can  be  exported  as  secondary  produc- 
tion, this  value  represents  an  estimate  of  potential  mussel  yield 
arising  from  nitrate-driven  phytoplankton  production  and  under- 
scores the  potential  effect  of  culture  conditions  on  shellfish  pro- 
duction. 

Observed  Mussel  Production 

Measurements  of  seeded  mussel  biomass  and  seasonal  harvest 
were  obtained  from  data  in  Heasman  (1996)  and  Heasman  et  al. 
(1998).  Values  expressed  as  shell-on  wet  weight  were  multiplied 
by  0.053  to  convert  to  shell-free  dry  weight  (Palinerini  and  Bianchi 
1994).  Tissue  carbon  content  was  assumed  to  be  40%.  These  re- 
sults (Table  1 )  indicate  that  the  bulk  of  summer  biomass  is  in 
recently  seeded  juveniles  obtained  from  the  summer  reproductive 
period  (van  Erkom  Schurink  and  Griffiths  1991 )  rather  than  from 
harvested  adults.  We  expect  that  nonpredatory  mortality  in  raft 
culture  will  be  low  (Fuentes  et  al.  1994),  so  that  the  seeded  mus- 
sels, even  if  not  harvested,  also  represent  a  net  annual  sink  for  new 
production.  In  winter,  the  seeding  of  juveniles  is  reduced  as  is 
harvest  of  adult  standing  stock.  Summing  the  annual  juvenile  and 
adult  production,  the  total  carbon  production  of  cultured  mussel 
biomass,  normalized  to  the  culture  area  (i.e..  over  the  entire  hect- 
are), is  175  g  of  C  m"-  y"'  or  0.48  g  of  C  m""  day"'.  This  value 
is  only  about  7.5%  of  that  calculated  for  advected  new  production 
(6.4  g  of  C  m""  day"').  However,  other  carbon  sinks  must  be 
accommodated  before  system  carrying  capacity  can  be  calculated. 

Oilier  Carbon  Sinks 

It  should  be  recognized  that  <100%  of  the  phytoplankton  will 
be  grazed  by  mussels  and  that  some  primary  production  will  go  to 
other  grazers.  Some  of  these  groups  such  as  deposit  feeding 
benthos  beneath  the  rafts  are  fueled  by  mussel  feces  (Tenore  et  al. 
1982,  Grant  et  al.  1995)  and  thus  represent  no  further  demand  on 
primary  production.  Similarly,  the  microbial  loop  is  fueled  by 
regenerated  production.  In  contrast,  there  may  be  net  consumption 
of  new  primary  production  by  the  fouling  organisms  that  inhabit 
the  mussel  ropes  (Lesser  et  al.  1992).  primarily  the  tunicates  Cioiia 
iiuestinalis  and  Pxura  stohmifera  (Heasman  1996).  Pyura  tends  to 
occur  in  more  exposed  conditions  and  is  less  common  in  the  shel- 
tered waters  of  Small  Bay.  Ciona  is  abundant  in  Small  Bay  but  is 
variable  in  depth  distribution  on  the  mussel  ropes  as  well  as  hori- 
zontally through  the  rafts  (Heasman  1996).  On  the  basis  of  the 
latter  sampling,  a  reasonable  estimate  of  Ciona  density  is  9.4  x  10^ 
individuals  per  rope,  with  332  ropes  per  raft.  Our  measurements 
indicate  an  average  dry  weight  of  0.72  g  per  individual  and  a 
carbon  content  of  26.13%   (Slenton-Dozey  and  Grant  unpubl.). 
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TABLE  1. 

Seeded  biomass  and  annual  yield  in  Saldanha  Bay  raft  culture  of  M.  galluprovincialis. 


Wet  Weight 

Wet  Wei; 

ght 

Tissue  Dry  W 

eight 

Tissue  Dry  Weight 

Production 

Variable 

(kg  rope"') 

(SD) 

(kg 

rope  ' 

1 

(kg 

m~-  raft  y"') 

•  g 

of  C  m-  y  ') 

Initial  seed 

20,2 

6.1 

1,1 

2.9 

14,2 

Summer 

Seed 

123.9 

20.8 

6.6 

18 

87,2 

Yield 

80.9 

9.5 

4.3 

11.8 

.56,9 

Summer  sum 

204.8 

30.3 

10.9 

29.8 

144,1 

Winter 

Seed 

13.5 

10.1 

0.7 

2 

9,5 

Yield 

M).5 

7.7 

1.6 

4.4 

21,5 

Winter  sum 

34 

17.8 

2.3 

6.4 

31 

Total  sum 

.^6.2 

175.1 

Summer  includes  values  from  September  to  March,  and  winter  includes  values  frcmi  April  In  September,  Initial  seed  is  the  planted  juvenile  biomass; 
summer  and  winter  seed  refers  to  secondary  settlement  of  juvenile  inussels;  and  yield  is  the  commercial  harvest  of  adults,  SD.  standard  deviation. 
Production  values  in  the  last  column  are  expressed  over  the  whole  culture  area  (1  raft  ha"'). 


Although  we  do  not  have  P;B  estimates  for  C  intestimiUs.  it  is  well 
known  to  be  an  annual  species,  with  drastic  seasonal  declines  in 
population  biomass  and  a  high  reproductive  investment  (Svane 
1983).  Petersen  and  Svane  (1995)  measured  juvenile  mortality  of 
70%  for  this  species  in  the  field  over  several  weeks.  We  assume 
that  the  net  production  (including  mortality)  for  C.  intestinalis  is 
annual  replacement  of  biotnass  (P:B  =  1),  resulting  in  a  carbon 
requirement  of  58.7  g  of  C  nr"  y"'  or  0.16  g  of  C  m""  day"'  from 
advected  new  production. 

Zooplankton  are  the  other  pelagic  grazers  that  potentially  com- 
pete with  cultured  mussels  (Hanson  et  al.  1986).  Because  the  Ben- 
guela  region  has  been  extensively  studied,  there  are  estimates  of 
zooplankton  production  for  the  coastal  ocean,  although  not  spe- 
cifically for  Saldanha  Bay,  where  there  are  only  limited  data 
(Grindley  1977).  On  the  basis  of  a  variety  of  studies  including 
grazing  experiments,  growth,  and  egg  production.  Hutchings  et  al. 
(1991)  estimated  that  copepods  and  euphausiids  in  the  southern 
Benguela  had  a  production  of  45  g  of  C  m  ~  y"'  (range  =  1 1-79), 
equivalent  to  0.12  g  of  C  m~"  day"'. 

Benthic  suspension  feeders  such  as  clams  and  natural  mussels 
are  abundant  in  many  culture  locations,  including  Saldanha  Bay 
(van  Erkom  Schurink  and  Griffiths  1993).  Christie  and  Moldan 
(1977)  sampled  a  transect  of  benthic  macrofauna  leading  away 
from  a  fish  plant  in  Saldanha  Bay.  A  single  station  containing  the 
mussel  C.  meridionalis  had  75.44  g  ash-free  dry  weight  m""  of 
bivalves,  among  the  highest  biomass  in  their  survey.  Applying  a 
P:B  ratio  of  2  for  adults  of  this  species  (Griffiths  1981)  and  an 
organic  carbon  content  as  50%  of  ash-free  dry  weight  yields  75.4 
g  of  C  m""  y"'  as  annual  production,  or  0.21  g  of  C  m""'  day"'. 
Although  this  extrapolation  is  based  on  a  limited  area,  C.  meridi- 
oiudis  is  locally  dense  in  the  vicinity  of  Saldanha  Bay  (van  Erkom 
Schurink  and  Griffiths  1990).  This  value  is  less  than  half  of  mussel 
production  in  the  culture  area,  but  the  calculation  is  highly  depen- 
dent on  the  biomass  of  benthic  suspension  feeders  in  the  bay. 

Exchange  and  System  Carbon  Prodmlinn 

Knowledge  of  consumer  production  and  primary  production 
may  be  used  to  derive  an  exchange  rale  necessary  to  deliver  the 
required  phytoplankton  carbon  to  a  hectare  of  culture  area; 


Mussel  production  +  other  carbon  sinks  = 

phytoplankton  standing  stock  *  exchange  +  primary  production 

(I) 

Using  a  phytoplankton  standing  stock  of  0.54  g  of  C  iii"^,  primary 
production  of  0.62  mg  of  C  m""  day"',  and  the  terms  for  mussel, 
fouling,  zooplankton.  and  benthic  production  calculated  abcwe 
yields  an  exchange  rate  =  0.65.  almost  an  order  of  magnitude 
lower  than  the  observed  exchange  rate  based  on  current  meter 
measurements  through  the  rafts.  A  bottom-up  approach  indicates 
that  there  is  more  food  available  through  continuous  advection  of 
new  production  than  is  required  by  the  demands  of  secondary 
production  estimated  in  a  top-down  approach.  Furthermore,  the 
calculated  exchange  rate  necessary  to  provide  advective  renewal  of 
phytoplankton  is  less  than  the  estimated  exchange  rate  derived 
from  flow  through  the  rafts. 

System  New  Prodmlinn 

In  the  above  calculations,  we  have  allowed  new  production  to 
be  delivered  to  our  hypothetical  lease  with  no  limitation  on  the 
supply  of  external  phytoplankton.  However,  an  upper  limit  on 
mussel  production  in  the  bay  would  ultimately  be  controlled  by 
total  new  production,  in  our  case,  calculated  over  an  area  of  4,480 
ha.  The  exchange  required  for  the  food  from  4,480  ha  to  be  avail- 
able to  mussels  cultured  in  the  leased  area  of  1,000  ha  is  simply  the 
ratio  of  the  two  areas,  resulting  in  a  turnover  of  4.5  day"',  less  than 
half  the  exchange  calculated  to  occur  through  the  rafts.  These 
calculations  provide  even  ftirther  evidence  that  there  is  not  a  local 
limitation  of  food  delivery  and  that  our  estimates  of  water  ex- 
change and  food  delivery  are  reasonable. 

Sedimentation  Rate 

Sedimentation  rate  of  particulate  organic  matter  from  mussel 
biodeposition  reflects  the  ingestion  and  the  processing  of  organic 
carbon  by  the  cultured  animals.  Collection  of  feces  in  the  field  can 
be  used  to  accurately  assess  bivalve  absorption  (Cranford  and  Har- 
grave  1994).  and  sedimentation  measurements  in  the  vicinity  of  the 
culture  area  provide  a  crude  check  on  the  carbon  budget  calcula- 
tions that  \vc  ha\c  made.  Monteiro  (unpubl.)  used  sediment  traps 
beneath  a  rail  in  Small  Bay  to  measure  a  sedimentation  rate  of  13.3 
X  10'  kg  of  POM  raft  '  y   '.  Assuming  that  POM  is  50%  particu- 
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late  organic  carbon  (POC).  that  phytoplankton  arc  absorbed  with 
an  efficiency  of  40-80%  (van  Erkom  Schurink  and  Griffiths  19')2; 
Rosenberg  and  Loo  I'JS.'?).  and  that  all  of  the  sedimentation  is  due 
to  mussel  feces,  the  daily  ingestion  required  to  supply  the  resulting 
biodeposition  rate  of  1.82  g  of  C  m"'  day"'  is  3.03-9.10  g  of  C 
m~-  of  lease  area  ( 1  ha).  With  a  30"^  gross  growth  efficiency,  this 
ingestion  would  support  a  production  of  1-3  g  of  C  m~"  day  '. 
larger  than  the  observed  mussel  production  (0.48  g  of  C  m"" 
day'').  However,  the  estimate  based  on  sedimentation  must  be 
considered  a  maximum  production  estimate  because  all  of  the 
deposition  does  not  arise  from  mussels.  Grant  et  al.  (1995)  showed 
that  longline  culture  of  Mytiliis  ediilis  increased  sedimentation  rate 
by  a  factor  of  2  over  a  background  value  at  a  similar  control  site. 

DISCUSSION 

Exchange  as  a  IJmiling  Factor 

It  is  apparent  that  in  addition  to  the  bay-scale  input  of  nitrate 
that  affects  food  production  for  mussels,  there  is  a  raft-scale  ex- 
change rate  that  may  limit  their  secondary  production.  The  fric- 
tional  effects  of  the  hanging  mussels  and  their  proximity  to  adja- 
cent mussel  ropes  cause  restricted  flow  of  water  through  the  raft 
compared  with  the  ambient  unimpeded  flow  (Boyd  and  Heasman 
1998).  The  magnitude  of  this  flow  reduction  may  be  assessed  with 
an  approach  used  by  Jackson  and  Winant  (1983)  to  look  at  flow 
through  kelp  forests.  The  drag  (D)  exerted  by  individual  mussel 
ropes  is  described  as 


D  =  Cu  Qvr  dl 


(2) 


where  C,-,  =  drag  coefficient  (0.5  for  flow  approaching  a  cylin- 
der), Q  =  seawater  density  ( 1.03  g  cm"'),  u  =  ambient  velocity, 
d  =  diameter  of  the  cluster  of  mussels  surrounding  the  rope  (-50 
cm),  and  1  =  rope  length  (5  m).  For  a  culture  density  of  three  ropes 
per  square  meter  (Heasman  et  al.  1998),  drag  per  unit  area  of  the 
raft  is  thus  0.43  u".  In  comparison,  Jackson  and  Winant  (1983) 
found  a  value  of  0.15  u"  for  a  kelp  forest,  or  about  1 0  times  greater 
drag  than  on  a  sandy  bottom.  The  drag  of  the  mussel  ropes  is  about 
three  times  greater  than  the  kelp  forest  value,  and  therefore  30 
times  greater  than  over  a  bare  bottom.  Because  drag  scales  as  u~, 
current  reduction  should  thus  be  on  the  order  of  30"^^  or  5.5.  This 
agrees  well  with  the  observed  current  reduction  for  Saldanha  Bay 
culture  of  six  times  (Boyd  and  Heasman  1998).  As  the  water 
progresses  through  the  interior  of  the  raft,  the  speed  will  decay 
successively,  as  will  the  food  supply  and  potentially,  mussel 
growth  (Grant  1996,  Boyd  and  Heasman  1998). 

These  calculations  do  not  account  for  the  interaction  of  the 
adjacent  ropes,  which  will  be  a  function  of  the  boundary  layer  and 
wake  region  associated  with  each  one.  Wind  tunnel  experiments 
with  adjacent  cylinders  (Bearman  and  Wadcock  1973)  indicate 
that  a  spacing  of  one  cylinder  diameter  or  less  causes  instability  in 
the  wake  region  of  the  flow ,  and  more  or  less  drag  than  an  isolated 
cylinder  depending  on  how  close  they  are.  At  a  60-cm  rope  spacing 
and  with  a  25-cm  radius  surrounding  the  rope  due  to  the  mussel 
shell  layer,  the  mussel  culture  units  are  far  less  than  one  diameter 
apart,  covering  -50%  of  the  raft  area.  Studies  by  Eckman  et  al. 
(1981)  suggest  that  in  bottom  boundary  layer  flow,  coverage  by 
roughness  elements  >8%  may  induce  skimming  flow  such  that  the 
water  goes  around  rather  than  through  the  obstruction.  It  is  appar- 
ent that  the  dense  culture  of  rafts  will  limit  water  exchange,  al- 
though this  factor  does  not  necessarily  present  a  limitation  to  mus- 
sel growth,  as  calculated  above.  Our  carbon  budget  suggests  that 


the  total  secondary  production  in  the  vicinity  of  the  rafts  requires 
0.65  exchanges  per  day,  and  so  a  reasonable  guideline  would  be 
that  new  rafts  he  located  where  exchange  is  at  least  one  per  day. 

Comparison  With  Other  Studies 

The  harvest  production  of  mussels  in  Saldanha  Bay  may  be 
compared  with  that  from  other  studies  of  raft  culture  to  assess  the 
carbon  tluxes  in  relation  to  yield  (Table  2).  Detailed  studies  of 
mussel  production  have  been  carried  out  in  both  Ireland  (Rodhouse 
et  al.  1985)  and  the  Galician  Rias  of  Spain  (Perez  Comacho  et  al. 
1991),  the  latter  among  the  world's  highest  production.  Many  of 
the  differences  in  production  may  be  attributed  to  the  biomass 
seeded,  similar  in  Ireland  and  South  Africa,  but  an  order  of  mag- 
nitude less  in  Spain.  Although  the  absolute  harvest  (per  square 
meter  of  raft)  is  less  in  Spain,  the  efficiency  of  production  (bio- 
mass/harvest)  is  highest  there  (Table  2).  Ropes  increase  in  wet 
weight  by  a  factor  of  9  in  only  6  mo  (Perez  Comacho  et  al.  1991 ). 
each  yielding  three  ropes  for  growout  even  after  thinning. 
Saldanha  Bay  is  less  efficient  than  this,  but  more  than  twice  as 
efficient  as  culture  in  the  Irish  example  (Table  2)  and  in  the  Swed- 
ish mussel  culture  described  in  Rosenburg  and  Loo  (1983).  Har- 
vest efficiency  is  dependent  on  mortality  as  well  as  growth.  Mor- 
tality figures  are  not  available  for  Saldanha  Bay,  but  a  comparison 
between  Irish  and  Spanish  culture  indicates  that  although  the  latter 
is  -20%  during  the  culture  period  (Perez  Comacho  et  al.  1991), 
Irish  culture  mortality  may  be  50%  of  the  harvest  (Rodhouse  et  al. 
1985).  Mortality  is  partially  due  to  mussels  falling  off  the  ropes,  a 
factor  that  is  related  to  storms  and  wave  exposure.  Despite  the 
greater  biomass  seeded  in  Ireland  compared  with  South  Africa 
(Table  2),  the  latter  is  more  productive,  probably  because  of  the 
enhanced  food  supplies  of  the  upwelling  system.  The  superior 
efficiency  of  Spanish  production  may  also  be  attributed  to  up- 
welling-based  primary  production  (Blanton  et  al.  1987),  as  well  as 
the  lower  biomass  per  sleeve  and  reduced  density  of  sleeves  (1.23 
ropes  m~")  compared  with  Saldanha  Bay  (3  ropes  m~~). 

Ecosystem  Carbon  Fluxes 

The  imposition  of  bivalve  culture  into  bay  ecosystems  causes 
potentially  large  changes  in  the  routing  of  primary  production. 
Mussel  rafts  may  consume  more  than  60%  of  the  incoming  chlo- 
rophyll (Rodhouse  et  al.  1985).  with  estimates  of  up  to  88%  for 
Saldanha  Bay  rafts  (Heasman  et  al.  1998).  Although  values  of  raft 
consumption  and  fecal  deposition  may  be  normalized  to  a  per- 
square-meter  basis  between  studies,  the  absolute  values  of  these 
rates  are  dependent  on  raft  size,  rope  density,  and  stocking 

TABLE  2. 

A  comparison  of  mussel  hardest  in  relation  to  biomass  seeded  for 
tliree  raft  culture  sites. 


Quantity 


Killary  Harbour      Saldanlia  Bay      Ria  de  Arousa 


Bioina.ss  seeded 

3.24 

1.16 

0.28 

Harvest 

6.9S 

6.48 

2.76 

Yield/seed 

T    -> 

5.6 

9.8 

Kilfary  Harbour.  Ireland,  data  are  for  M.  edulis  (Rodliouse  et  al.  1985). 
while  Saldanha  Bay.  South  Africa,  and  Ria  de  Arousa.  Spain  (Perez  Ca- 
macho  et  al.  1991 ).  are  data  for  M.  gulloprovincialis.  Saldanha  Bay  values 
are  based  on  Table  1  data  (Column  4)  expressed  as  carbon.  All  values  are 
in  kg  C  m""  raft  y"'. 
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density  inside  of  socks  (Table  2)  and  are  thus  difficult  to  compare 
even  as  normalized  values.  It  is  also  useful  to  focus  on  ratios 
between  processes,  again  considering  a  comparison  of  Saldanha 
Bay  to  carbon  budgets  of  mussel  raft  culture  based  in  Killary 
Harbour,  Ireland  (Rodhouse  and  Roden  1987,  Rodhouse  et  al. 
1985).  and  Galicia.  Spain. 

There  are  few  studies  that  attempt  to  document  the  competition 
between  mussels  and  zooplankton.  Working  in  the  Ria  de  Arousa. 
Hanson  et  al.  ( 1986)  suggested  that  zooplankton  clearance  of  water 
column  phytoplankton  could  exceed  100%,  even  under  productive 
upwelling  conditions.  Zooplankton  grazing  at  raft  culture  sites  has 
been  examined  in  sufficient  detail  for  comparison  at  several  sites 
(Table  3).  Comparing  within  the  mussel  culture  areas  (equivalent 
area  for  both  zooplankton  and  mussels)  for  Saldanha  and  Ria  de 
Arousa  sites,  mussel  production  exceeds  zooplankton  production 
by  a  factor  of  4  and  18,  respectively,  despite  the  high  zooplankton 
clearance  rate  mentioned  for  Ria  de  Arousa  (Table  ?').  In  a  system- 
wide  context,  the  influence  of  mussels  compared  with  most  other 
ecosystem  flows  is  entirely  dependent  on  the  relative  extent  of 
cultured  area.  In  Saldanha  Bay,  the  proposed  culture  area  is  22% 
of  the  total  area.  Because  of  a  large  filtration  capacity,  mussels 
produce  as  much  carbon  as  zooplankton,  even  on  a  baywide  basis. 
At  the  Spanish  site,  mussel  culture  covers  only  10%  of  the  ria,  yet 
system-wide  mussel  production  is  43%  greater  than  that  due  to 
zooplankton.  In  Killary  Harbour,  Ireland,  the  area  in  which  rafts 
are  deployed  is  apparently  small  (-1,200  m~),  and  thus  in  a  bay- 
wide  comparison,  mussel  use  of  phytoplankton  is  not  large  relative 
to  zooplankton.  We  conclude  that  in  bays  with  developing  aqua- 
culture,  zooplankton  may  take  a  significant  portion  of  the  food  that 

TABLE  3. 

Comparisons  of  culture  area  and  syslem-wide  estimates  of  mussel 

production  on  rafts  and  zooplankton  production  for  South  African, 

Spanish,  and  Irish  culture  sites. 


Variable 


Saldanha 
Bay* 


Ria  de 
Arousat 


Killary 
Harbourt 


Mussel  culture  area  (ha)  l.OOO  2,3U9 

Bay  area  (ha)  4.480  23.000  729 

Mussel  production 

(culture  area) 

(g  of  C  m"- day-')  0.48  5.26 

Zooplankton  production 

(culture  area) 

(g  of  C  m'-day^')  0.12  \21A5  0.03 

System  mussel  production 

(tons  of  C  day^')  4.8  ISI.S  0.03 

System  zooplankton 

production 

(tons  of  C  day-')  5.4  85.1  0.2 

System-wide  mussel  calculations  assume  that  mussel  production  is  con- 
strained to  the  culture  area,  whereas  sysleni-wide  zooplankton  production 
is  extrapolated  to  the  whole  bay  area. 

*  Saldanha  Bay:  mussel  production  is  derived  from  Table  1;  zooplankton 
production  is  derived  from  values  in  Hutchings  et  al.  ( 1991 ). 
t  Ria  de  Arousa:  mussel  production  is  derived  from  values  in  Perez  Ca- 
macho  et  al.  (1991)  assuming  one  raft  ha-';  zooplankton  consumption 
estimated  during  upwelling  event  from  107%  clearance  m-'  day-'  of  300 
mg  of  C  m-'.  lO-m  depth  (Hanson  et  al.  1986).  and  30%  gross  growth 
efficiency. 

i  Killary  Harbour:  values  from  Rodhoiisc  and  Rodcn  (14S7);  missing  val- 
ues not  available. 


would  otherwise  be  available  to  mussels  through  advection.  As 
culture  expands,  mussels  will  consume  far  more  food  than  resident 
zooplankton  populations. 

The  effect  of  epifaunal  fouling  on  food  resources  available  to 
cultured  bivalves  is  also  poorly  known.  In  contained  culture  (e.g., 
pearl  nets),  there  is  little  doubt  that  fouling  causes  physical  dis- 
ruption to  flow,  which  may  inhibit  water  exchange  (CUiereboudt  et 
al.  1994).  In  suspended  culture,  there  are  various  aspects  of  fouling 
that  must  be  considered  in  order  to  assess  its  importance  to  mussel 
culture.  First,  mussels  are  often  competitively  superior  and  thus 
dominant  members  of  fouling  communities  (e.g.,  Okamura  1986). 
especially  in  culture  where  suspended  densities  are  so  high.  In 
terms  of  biomass,  Rosenburg  and  Loo  et  al.  (1983)  indicated  that 
mussel  epifauna  '"made  up  about  1%  of  the  weight  after  15  months 
and  played  a  negligible  role  compared  with  the  mussels  in  the 
transfer  of  energy  in  the  community."'  In  a  detailed  study  of  epi- 
fauna on  M.  giilloproviniialis  raft  culture,  Tenore  and  Gonzalez 
(1975)  found  that  suspension-feeding  epifauna  (sponges,  bar- 
nacles, sea  cucumbers,  sea  squirts )  comprised  up  to  2 1  %  of  mussel 
biomass.  Lesser  et  al.  ( 1992)  stated  that  the  ascidian  C.  inrestiiuilis 
made  up  25%  of  total  biomass  in  rope  culture.  In  Saldanha  Bay.  on 
the  basis  of  the  standing  stock  of  C.  intestinalis  calculated  above, 
its  biomass  would  be  58.8  g  of  C  m"",  similar  to  the  summer 
harvested  biomass  of  mussels  (Table  1 )  and  markedly  greater  than 
the  relative  fouling  biomass  found  in  the  above  studies.  Heasman 
( 1996)  states  that  mussel  production  on  fouled  ropes  is  only  25% 
of  unfouled  ropes,  emphasizing  the  food  competition  due  to  these 
epifauna.  Nonetheless,  fouling  biomass  will  be  extremely  depen- 
dent on  recruitment  patterns,  temperature,  water  quality,  and  pre- 
dation  pressure  (Brault  and  Bourget  1985,  Okamura  1986).  In 
addition,  there  are  spatial  gradients  in  the  distribution  of  fouling 
animals  that  include  depth  and  rope  position  in  the  raft  (Heasman 
1996). 

Mus.sels  clearly  dominate  epifauna  with  respect  to  filtration 
capacity.  For  example,  in  samples  from  a  l-y-old  mussel  culture. 
Lesser  et  al.  (1992)  found  that  M.  edidis  had  three  times  the  fil- 
tration capacity  of  the  solitary  ascidian  C.  intestinalis.  Petersen  and 
Riisgard  (1992)  calculated  that  this  ascidian  could  affect  phy- 
toplankton populations  in  a  Danish  tjord.  Our  calculations  suggest 
that  fouling  organisms  do  not  represent  a  major  net  carbon  sink  in 
Saldanha  Bay  compared  with  mussels,  because  their  biomass  is 
turned  over  annually.  However,  more  work  is  required  to  assess 
the  importance  of  fouling  on  the  carbon  budget  for  Saldanha  Bay. 

The  influence  of  benthic  consumption  on  food  available  for 
mussels  is  similar  to  that  of  other  competing  carbon  fluxes  in  terms 
of  the  significance  of  suspension  feeders  that  sequester  new  pro- 
duction. The  microbial  food  web  and  smaller  deposit-feeding 
benthos  are  active  in  recycling  carbon  and  nitrogen  and  have  not 
been  included  in  our  calculations.  The  benthic  community  beneath 
mussel  culture  has  been  well  described  and  consists  of  opportu- 
nistic deposit  feeders,  adapted  to  the  organic  enrichment  resulting 
from  biodeposition  (Tenore  et  al.  1982,  Grant  et  al.  1995).  In  this 
respect,  mussels  decrease  competition  from  the  natural  benthos  by 
favoring  a  detritus-based  community  that  is  not  sustained  by  pri- 
mary consumption  of  phytoplankton.  Rodhouse  and  Roden  ( 1987) 
consider  that  the  benthos  of  Killary  Harbour  subsist  entirely  on 
detrital  organic  matter  and  biodeposition. 

Carrying  Capacity  of  Saldanha  Bay 

Our  calculations  indicate  that  the  food  required  to  support  the 
existing  production  of  raft  culture  is  less  than  the  estimated  value 
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of  food  delivery  based  on  exchange.  Allhougli  lliese  calculations 
do  not  suggest  limitation  of  food  provision  due  to  exchange,  the 
levels  of  chlorophyll  depletion  measured  by  Heasman  ( 1996).  ap- 
proaching 9()''f .  indicate  that  there  is  significant  grazing  pressure  at 
the  local  scale.  In  order  for  carrying  capacity  to  exceed  new  pro- 
duction, there  must  be  import  of  phytoplankton  from  the  open 
coast,  a  possibility  during  relaxation  phases  of  upwelling  (Pitcher 
et  al.  1996).  If  the  cairying  capacity  of  Saldanha  Bay  is  ultimately 
constrained  by  new  production,  then  the  question  becomes  one  of 
culture  extent  and  location,  i.e.,  how  much  area  is  culti\able  under 
a  given  culture  method? 

An  inipt)rtant  consideration  in  answering  this  t|ueslion  is  that  of 
the  residence  time  of  Small  Bay.  Although  we  can  calculate  that 
the  renewal  of  water  and  phytoplankton  at  the  raft  exceeds  the  use 
of  phytoplankton  by  grazers,  this  calculation  assumes  that  the  in- 
coming water  is  not  particle  depleted.  As  mussel  culture  increases, 
there  is  a  greater  probability  that  water  passing  through  the  raft  has 
previously  been  filtered  by  other  mussels.  Small  Bay  (2,000  ha) 
has  a  ratio  of  33: 1  to  the  area  of  the  present  Sea  Harvest  farm  (60 
ha).  Without  inhibition  of  flow  by  the  rafts  (average  current  speed 
=  7.5  cm  sec"'),  the  turnover  time  of  the  bay  through  the  farm 
would  be  10  days.  This  value  decreases  with  How  inhibition.  The 
residence  time  of  Small  Bay  is  on  the  order  of  20  days  (Boyd  pers. 


comni.l.  so  that  under  conditions  of  How  inhibition  by  the  rafts 
>50'7f ,  Small  Bay  would  be  renewed  by  Big  Bay  and/or  coastal 
water  more  rapidly  than  it  would  be  filtered  by  the  farm.  In  this 
sense,  the  upper  limit  on  carrying  capacity  must  be  total  new 
production  for  Saldanha  Bay.  Nonetheless,  further  insight  into  the 
comparative  magnitude  of  these  exchange  processes  is  required. 
Assuming  that  because  baywide  new  production  is  0.62  g  of  C 
m~'  for  300  days  y"',  and  that  the  production  area  is  44.8  x  10'^ 
nr,  annual  new  production  for  the  Saldanha  Bay  (Big  Bay  and 
Small  Bay)  is  8,333  tons  of  C  y~'.  A  summary  of  carbon  sinks 
requiring  the  use  of  new  phytoplankton  production  is  in  Figure  2. 
These  calculations  indicate  that  suspension-feeding  benthos  are  the 
dominant  carbon  sink,  followed  by  zooplankton,  mussels,  and 
fouling.  There  is  a  surplus  of  654  tons  of  POC,  about  37%  of 
present  mussel  production,  that  is  not  required  by  pelagic  or 
benthic  secondary  production.  Because  there  is  no  drastic  food 
limitation  at  the  lease  scale,  production  per  hectare  could  poten- 
tially be  increased  by  this  percentage.  However,  there  is  unlikely  to 
be  completely  efficient  use  of  new  phytoplankton  production,  i.e., 
phytoplankton  may  be  unavailable  because  of  advection  or  sedi- 
mentation. Moreover,  there  are  a  number  of  assumptions  and  ap- 
proximations in  these  calculations  that  cannot  be  quantified  in  their 
contribution  to  the  "residuar'  carbon. 
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Figure  2.  Carbon  flux  diagram  for  the  routing  of  new  primary  production  in  Saldanha  Bay.  .All  Hows  are  in  tons  of  C  y~'.  Mussels  and  fouling 
occur  only  within  the  culture  area,  and  their  total  production  is  expressed  over  the  entire  zone  of  new  production  in  the  bay  (4,480  ha). 
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Nonetheless,  from  a  management  standpoint,  it  is  worthwhile 
to  double  the  number  of  rafts  in  several  of  the  cultured  hectares  and 
compare  growth  with  present  culture  levels  as  a  test  of  the  limits  of 
stocking  density.  Beyond  the  calculated  surplus  carbon,  it  is  possible 
to  shift  the  carbon  budget  in  favor  of  mussels  to  the  detriment  of  other 
trophic  groups  such  as  zooplankton.  as  in  the  Netherlands  (Van 
Stralen  and  Dijkema  1994).  We  recognize  that  the  culture  potential  of 
Saldanha  Bay  is  not  uniform  and  that  other  factors  besides  food  may 
limit  production.  For  example,  there  are  regions  of  Saldanha  Bay  with 
increa.sed  wave  exposure,  leading  to  reduced  growth  of  M.  gallopro- 
viiwialis  (Raubenheimer  and  Cook  1990).  Although  the  carbon  bud- 
get approach  is  useful,  it  provides  only  an  initial  and  simplified 
estimate  of  carrying  capacity.  The  most  important  components  of  the 
ecosystem — exchange  and  primary  production — are  averaged  in  both 
time  and  space.  Factors  such  as  two-dimensional  circulation  and  win- 
ter lows  in  primary  production  are  not  included  in  the  overall  budget. 
There  are  major  uncertainties  that  linut  our  understanding  of  carbon 
dynamics  in  the  bay,  and  these  are  being  approached  in  simulation 
modeling  studies  of  Saldanha  Bay. 


Finally,  the  importance  of  the  Benguela  upwelling  to  the  car- 
rying capacity  of  Saldanha  Bay  for  mussel  culture  cannot  be  over- 
emphasized. Monteiro  and  Brundrit  (1990)  documented  interan- 
nual  variability  in  Saldanha  Bay  chlorophyll  as  a  result  of  warm 
water  intrusion  of  nutrient-poor  water  that  replaced  nutrient-rich 
upwelling.  The  effects  of  this  variability  on  mussel  culture  were 
examined  by  Blanton  et  al.  ( 1987).  who  related  upwelling  intensity 
to  mussel  condition  in  Spanish  raft  culture.  Because  new  produc- 
tion is  a  primary  constraint  on  carrying  capacity,  further  under- 
standing and  prediction  of  phytoplankton  and  nutrient  dynamics 
are  at  the  core  of  managing  culture  density  and  extent  in  Saldanha 
Bay. 
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ABSTItACT  The  level,  types,  and  influences  of  use  of  intertidal  and  subtidal  molluscs  and  crustaceans  were  examined  on  four  islands 
of  Ihe  Quirimba  Archipelago  in  northern  Mozambique.  Artisanal  collecting  was  restricted  to  spring  low  tidal  periods  and  involved  at 
least  5"*  of  the  population  of  the  study  islands.  Twenly-two  mollusc  species  and  tlve  decapod  crustascean  species  (.Pcilimiridae  and 
Poruinidue)  were  collected,  of  which  the  large  gastropods  Chicoreus  ramosus  (Muricidae)  and  Fa.scii>la  trapezium  (fasciolaridae),  were 
the  most  important  on  coral  reef  rubble  shore  regions.  The  bivalves  Pinchula  iiii>ra  and  Barbalia  fii.sca  were  the  most  important  species 
in  seagrass  [Hathodiile  sp.  and  Cymodocea  sp.)  areas.  The  diversity  and  identity  of  target  species  and  proportions  of  species  taken  by 
intertidal  collectors  differed  between  smdy  islands.  The  mean  length  of  the  gastropods  C.  ramosus  and  F.  trapezium  collected  on  the 
larger  islands  of  Quirimba  and  Quisiva  have  significantly  decreased  on  the  basis  of  examinations  of  previously  collected  middens. 
Those  collected  at  Quirimba  and  Quisiva  Islands  were  also  smaller  than  current  collections  at  the  nearby  smaller  islands  of  Quilaluia 
and  Senear. 

KEY  WORDS:     resource  use,  mozambique,  intertidal,  shellfish,  fisheries 


INTRODUCTION 

Mozambique  has  the  largest  amount  of  coastline  (2.700  km)  of 
any  country  on  mainland  East  Africa  and  one  of  the  greatest  de- 
pendencies on  it  (Macia  and  Hernroth  1995.  Coughanowr  at  al. 
19951.  Toward  the  end  of  its  16-y  internal  conflict,  in  1990.  the 
gross  national  product  per  capita  of  Mozainbique  was  estimated  at 
S80  U.S.  (World  Resources  Institute  1993.  Coughanowr  et  al. 
19951.  making  it  one  of  the  poorest  countries  of  the  world.  Ap- 
proximately two-thirds  of  the  16  million  of  the  country's  popula- 
tion live  in  the  coastal  zone,  but  there  are  still  large  coastal  regions 
of  mangrove  and  coral  reef  that  are  relatively  undisturbed.  The 
growth  of  the  urban  centers  along  the  western  Indian  Ocean  coastal 
zones  coupled  with  the  degree  of  countries"  dependence  on  them 
has  created  inuch  concern  for  the  implementation  of  an  Integrated 
Coastal  Zone  Management  plan  (Holdgate  1993.  Linden  1993. 
Coughanowr  et  al.  1995).  However,  to  date.  Mozambique  does  not 
have  such  a  plan,  reflecting  the  overall  lack  of  human  and  financial 
resources  to  perform  studies  on  coastal  management  issues  at  the 
national  level.  The  creation  of  strategic  intertidal  and  marine  re- 
serves has  become  an  important,  and  arguably  the  most  effective. 
management  tool  for  preserving  and  boosting  complex  multispe- 
cies  fisheries,  not  only  in  East  Africa  (Crawford  and  Bower  1983, 
Kennedy  1990.  Andersson  and  Ngazi  1995).  but  throughout  the 
world's  tropical  and  subtropical  regions  (Alcala  and  Russ  1990. 
Roberts  and  Polunin  1991). 

East  African  coastal  resource  use  takes  a  variety  of  forms  be- 
sides fisheries.  Many,  such  as  live  coral  mining  (Dulvy  et  al. 
1995).  sand  inining  causing  coastal  erosion  (Semesi  and  Ngoile 
1995).  dvnamite  fishing  (Andersson  and  Naazi  1995).  and  man- 


grove deforestation  (Coughanowr  et  al.  1995).  have  proved  highly 
damaging,  but  in  the  short  term  are  financially  rewarding  in  often 
difficult  socioeconomic  conditions.  The  coastal  zone  of  northern 
Mozambique  is  little  developed,  and  the  level  of  resource  use  is 
mainly  limited  to  artisanal  fisheries  (local  consumption),  although 
some  commercial  fisheries  also  operate.  The  near-shore  marine 
biology  and  resource  use  of  northern  Mozambique  is  poorly  stud- 
ied, virtually  unmanaged.  and  little  known.  The  only  coastal  region 
of  Mozambique  that  has  approached  the  level  of  study  afforded  to 
much  of  the  East  African  coastline  is  that  of  Inhaca  Island  (Gove 
1993.  Longomane  1995.  Santana  Afonso  1995).  by  virtue  of  its 
close  proximity  to  Maputo.  Studies  of  intertidal  invertebrate  re- 
source use  have,  at  Inhaca  Island  as  with  virtually  all  other  Indo- 
Pacific  study  locations,  been  very  general  in  scope  and  focused 
little  on  the  detail  of  species  used  and  influences  on  individual 
species  populations. 

In  this  study,  we  report  on  the  level  and  type  of  use  of  molluscs 
and  decapod  crustaceans  on  four  islands  of  the  Quirimba  Archi- 
pelago in  northern  Mozambique,  based  on  interviews  with  artisa- 
nal intertidal  collectors,  observations  of  collections,  and  target  spe- 
cies identifications  and  measurements.  The  findings  are  discussed 
relative  to  the  most  studied  location  in  Mozambique.  Inhaca  Is- 
land, as  well  as  resource  use  in  other  areas  of  East  Africa  and  the 
Indo-Pacific  states. 

THE  COASTAL  ENVIRONMENT 

The  Quirimba  Archipelago  in  the  Cabo  Delgado  province  of 
northern  Mozambique  consists  of  27  islands  of  various  sizes,  of 
which  Quirimba  Island  itself  is  one  of  the  largest  at  6.5  by  2.5  km 
(Fig.  1).  The  bathymetry  of  the  marine  area  enclosed  by  the  ar- 
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Figure  1.  Insert  bottom  left:  the  position  of  Mo/,unil)ique  in  southern 
Africa  and  the  Qnirlniha  Island  Archipelago  in  northern  Mozam- 
bique. Main  map:  the  Quiriniba  Island  Archipelago  with  the  five  study 
islands  marked  (1)  Quiriniba,  (2)  Quilaluia.  (3)  Senear.  (4)  Mefunvo,* 
and  (51  Quisiva.  The  li^ht-shaded  region  is  the  intertidal  /.one  and 
shallows,  with  the  reef  edge  marked  as  a  jagged  edge  and  sandflats 
marked  as  a  smooth  edge.  *Only  casual  observations  recorded. 


chipelago  is  very  shallow,  with  intertidal  zones  spanning  over  1 
km  and  tidal  ranges  of  about  I  m  on  neap  tides  and  4  m  on  spring 
tides.  The  sea  temperature  varied  little  around  25  C  during  the 
study  period,  but  the  salinity  is  highly  variable  because  of  the 
proximity  of  the  islands  to  the  deltaic  mouths  of  the  large  Mon- 
tepeuz  River.  The  eastern  seaboard  of  the  islands  is  coral  reefs  with 
typical  associated  intertidal  zones  consisting  of  reef  crest,  lagoons, 
and  reef  rubble  areas.  The  intertidal  of  the  western  side  of  the 
i.slands  is  a  mixture  of  sand  flats,  seagrass  meadows  (Halhodule  sp. 
and  Cyinodocea  sp.).  and  mangroves  (Avicciuiiti  inmina.  Ceriops 
lai>al.  Rhizophora  mncronata.  and  Biuiiieria  fixmiuwhiza).  Al- 
though there  are  extensive  mangrove  systems  throughout  the  ar- 
chipelago, the  four  principal  islands  involved  in  this  study.  Quir- 
iniba. Quisiva.  Quilaluia  and  Senear,  have  only  isolated  pockets  of 
mangrove.  The  relatively  large  area  of  coastline  encompasses  a 
wide  range  of  intertidal  habitats  and  thus  a  high  diversity  of  both 
molluscs  and  crustaceans,  as  well  as  representatives  of  1."^  other 
phyla  of  animals  (Barnes  1997,  Barnes  unpubl.). 

The  Quirimba  Archipelago  has  virtually  no  tourism,  and  the 
population  of  most  of  the  islands  ranges  from  approximately  3,000 
(Quirimba)  to  40  (Quilaluia).  Of  the  study  islands,  only  Quirimba 
has  a  freshwater  supply,  which  is  presumably  the  main  cause  of 
low  population  density  ot  ihc  islands  and  relatively  low  fishing 
pressure  on  the  intertidal  and  offshore  water.s.  Fishing  and  inter- 
tidal collecting  are  mostly  for  local  consumption  and  constitute  the 


main  source  of  protein  and  income  for  the  islanders,  although  trade 
is  comparatively  limited.  One  of  the  major  anthropogenic  influ- 
ences on  the  coastal  environment  is  probably  that  of  deforestation 
of  the  mangrove  systems,  principally  to  build  homes,  but  no  reli- 
able figures  are  available  for  the  extent  of  this  activity. 

METHODS 

The  number  of  fishermen  (people  collecting)  on  the  intertidal 
zone  of  the  western  shore  of  Quirimba  Island  was  counted  with 
binoculars  daily  between  July  20  and  September  2.  1996.  The  daily 
tidal  range  was  calculated  and  noted  for  these  dates  from  local  tide 
tables.  Observations  were  made  on  collection  practices,  including 
methodology,  duration,  location  on  the  shore,  and  target  species. 
Similar  but  smaller  scale  observations  were  made  of  subtidal  zone 
molluscan  and  decapod  crustacean  fishing  activities.  Occasional 
counting  and  observations  were  made,  in  the  same  manner  as  that 
for  Quirimba  Island,  on  the  neighboring  islands  of  Quilaluia. 
Quisiva.  and  Senear.  On  most  days  when  collections  had  taken 
place,  a  random  sample  of  fishermen  were  asked  if  their  collec- 
tions could  be  investigated.  In  all  cases,  permission  was  sought  and 
given.  The  molluscan  and  decapod  crustacean  species  and  number 
of  individuals  collected  were  counted.  The  length  (or  carapace 
width  in  the  case  of  crustaceans)  of  the  most  collected  species  was 
measured  with  a  micrometer  and  recorded. 

The  variety,  frequency,  and  identity  of  target  species  were  re- 
corded to  examine  collection  differences  between  fishermen,  dif- 
ferent shore  types,  and  islands.  The  length  frequency  data  obtained 
from  the  most  collected  species  were  used  to  investigate  differ- 
ences, first  between  fishermen  in  length  selection  and  then,  by 
pooling  data,  between  islands.  The  practice  of  deshelling  most 
species  one  at  a  time  monospeeifically  in  the  same  places  for  years 
meant  that  old  collections  long  since  buried  in  sand  were  easy  to 
find.  These  were  unearthed  and  measured,  and  although  the  time 
scale  was  unknown,  they  provided  a  comparison  with  the  same 
species  collected  in  1996.  Interviews  with  local  fishermen  sug- 
gested that  shore  middens  were  solely  from  collections  made  on 
those  islands.  Such  a  comparison  between  shell  lengths  was  ana- 
lyzed to  investigate  effects  of  harvesting  the  populations  of  these 
species. 

RESULTS 

Collfcliiin  I'nqmncy  uint  Efjiirl 

The  main  area,  within  the  littoral  zone,  used  by  fishermen  was 
between  the  Low  Water  Spring  and  the  Extreine  Low  Water 
Spring  tide  levels.  The  frequency  of  mollusc  and  crustacean  col- 
lection was,  therefore,  dictated  by  the  tidal  regime.  On  Quirimba 
Island,  people  harvest  the  intertidal  zone  during  the  daylight  low- 
water  period  for  about  2-3  h.  about  4-6  days  in  a  fortnight  period 
(Fig.  2).  The  low-water  period  was  slightly  offset  from  the  nominal 
low  tide  lime  because  of  local  geographic  peculiarities,  such  as 
large  sand  bars  causing  "bottlenecks."  Fishermen  were  observed 
to  be  active  for  an  exceptional  period  of  8  days  in  one  fortnight 
(the  end  of  August  1996)  with  the  timing  of  the  lowest  tide  of  the 
year.  The  difference  in  tidal  range  of  this  lowest  tide  was  4.2  m. 
just  10  or  20  cm  greater  than  a  more  typical  high  spring  tide  (such 
as  that  of  July  I,  1996).  This  small  vertical  difference,  however, 
resulted  in  a  widening  or  additional  exposure  of  about  50  m  of  the 
intertidal  zone.  The  magnitude  of  the  number  of  fisherman  also 
varied  with  tidal  height,  approximately  (although  not  exactly  on 
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Figure  2.  Harvest  effort  with  magnitude  of  tidal  rantje.  Tlie  numbers 
of  intertidal  harvesters  on  Quiriniha  Island's  South  and  West  eoasts 
(•)  are  illustrated  by  the  scale  on  left,  and  the  tidal  daily  range  (  D)  is 
indicated  by  the  scale  on  right  (shown  for  the  months  from  July  to 
September  I'Whl. 

occasion)  being  greatest  on  the  lowest  tides.  Observations  of  the 
outlying  intertidal  sandbanks  and  Quirimba  Island  eastern  shore 
suggested  that  the  peak  value  of  82  fishermen  observed  on  August 
30.  1996.  probably  represented  about  half  of  the  total  collecting 
population  of  Quirimba  Island  (pers.  obs.  and  interviews).  A  maxi- 
inum  figure  of  about  150  fishemien.  or  5%  of  the  total  population 
of  Quirimba  Island  (Joachim  Gessner  pers.  comm.).  compared 
with  observed  maxima  of  1 1  (Quilaluia  Island).  13  (Senear  Island), 
and  40  (Quisiva  Island).  Over  70%  of  the  collectors  on  the  island 
intertidal  zones  were  women  and  children,  unless  weather  condi- 
tions precluded  fishing  by  outrigger  canoes  and  dhows,  when  the 
proportion  of  men  collecting  on  the  intertidal  zone  would  increase. 

Species  Collected 

In  total,  this  study  found  22  species  of  molluscs  and  five  spe- 
cies of  crustaceans  of  artisanal/commercial  importance  in  the  in- 
tertidal (and  subtidal)  zones  of  the  archipelago  (see  Table  I).  Fif- 
teen species  of  molluscs  and  three  species  of  crustaceans  were 
collected  during  the  study  period  on  the  Quirimba  Island  intertidal 
zone.  Mollu.scs  were  collected  by  78  (93.9%)  of  83  study  fisher- 
men at  Quirimba  Island,  and  exclusively  so  by  71  (84.3%).  Deca- 
pod crustaceans  (palinurids  and  portunids).  by  contrast,  were  col- 
lected by  6  (7.2%)  of  83  and  exclusively  so  by  Just  2  (2.4%)  of  83. 
Several  species  of  two  other  groups,  holothurian  echuiodcrms  and 
fish,  were  collected  by  7  (8.4%)  of  83. 

I  ariatiiiii  in  Species  Selection,  Collection  Quality,  and  Quantity 

The  species  of  molluscs  and  crustaceans  selected  for  collection 
varied  with  indi\idual  collector  preference,  between  shore  types 
(reef,  seagrass  and  mangroves)  within  each  island  and  between 
islands.  Table  1  illustrates  species'  commercial  value  and  the  five 
species  of  greatest  importance  to  intertidal  fishermen  in  each  of  the 
shore  types  and  the  subtidal.  On  reef  rubble  shore  regions  of  the 
Quirimba  Archipelago,  the  large  gastropod  molluscs  Chicureus 
ramosus  (L.)  (ramose  murex)  and  Fasciola  trapezium  (L.)  (tulip 
shell)  are  the  two  most  collected  species.  After  the  2-  to  3-h  period 
of  collection,  these  are  usually  taken  to  be  deshelled  above  the 
high-water  level.  Although  some  people  had  a  preference  for  col- 
lecting a  specific  species  or  couple  of  species,  notably  Octopus 
vul,i;aris  (Cuvier)  or  C.  ramosus  and  F.  trapezium,  most  intertidal 


reef  fishermen  are  opportunistic  and  take  a  variety  of  species. 
Palinurid  lobsters  were  occasionally  collected  from  subtidal  coral 
reef  crevices,  particularly  at  Quilaluia  Island.  In  contrast  to  those 
on  coral  reefs,  most  intertidal  fishermen  on  seagrass  and  mangrove 
areas  were  more  selective,  taking  just  one  or  two  species.  The 
abundant  bivalve  molluscs  Pimtada  nii^ra  (Sowerby)  (pearl  oys- 
ter) and  Barhatia  fuscci  (Bruguiere)  (almond  ark)  were  the  most 
important  species  in  the  seagrass  areas.  The  method  of  collecting 
arks  differed  from  that  of  all  of  the  other  species  listed,  because  it 
.sometimes  involved  fishermen  locating  them  beneath  the  surface 
of  the  sand  with  their  feet.  C.  ramosus  and  F.  trapezium  shells 
were  also  important  collected  species  in  seagrass  beds;  the  last  of 
the  major  five  species  was  another  very  common  bivalve,  the  pinna 
shell  Pinna  muricata.  Although  two  other  species  of  pinnas  oc- 
cuiTed  semiburrowed  in  the  intertidal  zone,  Atrina  vexiltum  (L.), 
bemg  large,  was  very  difficult  to  remove  from  its  burrow  and 
Atrimi  pectinata  was  rarely  seen.  P.  muricata  was  highly  abundant 
and  relatively  easily  removed  from  sand  but.  like  other  pinnas,  had 
a  larger  shell  volume-to-edible  component  ratio  than  most  mol- 
luscs collected.  Islanders  collecting  pinnas,  almost  exclusively 
specialized  on  them  but  also  had  to  remove  all  of  the  shells  in  order 
to  be  able  to  cairy  them  back,  which  in  turn  reduced  the  collecting 
time  during  low  water.  The  mangroves  of  the  four  islands  inves- 
tigated were  rarely  seen  to  be  used  for  collecting,  but  the  large 
portunid  crab  S.  serrata  (Forskal)  (Mud  Crab)  was  dug  from  bur- 
rows in  the  mangrove  systems  of  Ibo  Island.  In  addition,  people 
from  Quirimba  Island  collected  about  30  sacks  (50  kg)  per  month 
(about  4  sacks  maximum  per  person)  of  Terebralia  palustris  (L.) 
(mangrove  whelk)  from  the  larger  mangrove  systems  of  the  adja- 
cent mainland  and  Ibo  Island.  These  whelks  were  crushed  to  form 
bait  for  fish  traps. 

There  were  substantial  differences  in  the  species  and  propor- 
tions of  species  taken  by  intertidal  fishermen  from  the  four  differ- 
ent study  islands.  Table  2  illustrates  the  proportion  (percentage)  of 
individuals  of  each  species  collected  relative  to  the  total  number 
collected  and  the  proportion  of  fishermen  collecting  each  species. 
The  variety  of  molluscs  collected  was  greatest  on  Quirimba  Island. 
Quirimba  Island  was  also  the  only  study  island  on  which  crusta- 
ceans were  collected  during  the  study  period.  Few  species  were 
collected  to  a  similar  degree  (in  terms  of  numbers  or  fishermen)  on 
each  of  the  four  islands.  Uunljis  lamhis  (L.)  and  C.  ramosus  were 
the  iTiost  similarly  collected  between  islands.  In  contrast,  P.  nigra 
was  the  most  important  species  at  Quirimba  Island  in  terms  of 
number  of  fishermen  collecting  it  and  number  collected  and  the 
least  important  (joint)  on  Senear  Island. 

Effects  of  Collection 

The  size  ranges  of  individuals,  measured  from  collections  of 
each  target  species,  were  generally  norinally  distributed  just  below 
the  maximum  length  of  each  species  (see  Fig.  3).  The  double, 
nonoverlapping.  length-frequency  histograms  of  L.  lambis  were 
the  product  of  intertidal  collection  (left  peak)  and  subtidal  collec- 
tions (right  peak).  L.  lamhis  was  an  important  target  species  for 
subtidal  fishermen,  who  often  snorkeled  specifically  for  it.  Obser- 
vation of  collection  habits  and  the  small  numbers  of  L.  lamhis 
collected  suggested  that  the  species  was  only  collected  from  the 
intertidal  zone  incidentally  while  fisherman  were  looking  for  more 
important  target  species  such  as  C.  ranuisus  and  F.  trapezium. 

C.  ramosus  shells  collected  on  Quirimba  Island  in  August  1996 
had  a  mean  lensth  of  82.7  (SD  14.3)  mm,  and  the  smallest  shells 
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TABLE  1. 
Molluscs  and  crustaceans  harvested  in  the  Quirimba  Island  Archipelago. 


Intertidal 


Scientific  name 


English  name 


Value 


Reef 


Seagrass 


Mangrove 


Subtidal 
Reef  and 

Seagrass 


Molluscs 

Class  Bivalvia 

Family  Arcidae 

Baihatia  fiisca 

Almond  ark 

5.000/k 

Family  Pinnulae 

Atrina  ve.xilltwi 

Giant  pen  shell 

1.000    e 

Pinna  muricata 

Pinna  shell 

2.000/k 

Family  Pteriidae 

Pinctada  nigra 

Pearl  oyster 

5.000/k 

Family  Tridacnidae 

Thdania  squamosa 

Fluted  giant  liam 

3.000    e 

Class  Gastopoda 

Family  Cassidae 

Cassis  corniita 

Horned  helmet 

1.5.000    e 

Cxpraecassis  ntfa 

Bullniouth  helmet 

L5.000    e 

Family  Conidae 

Conus  lilteratus 

Lettered  cone 

1.000    e 

Family  Cymalidae 

Charonia  tritonis 

Trumpet  triton 

120.000    e 

Family  Cypraeidae 

Cypraea  rigris 

Tiger  cowrie 

100    e 

5 

Family  Fasciolaridae 

Fasciola  trapezium 

Tulip  shell 

250    e 

2 

Family  Harpidae 

Harpa  major 

Major  harp 

5,000    e 

Family  Melongenidae 

Volema  pyrum 

Not  sold 

Family  Mitridae 

Mitra  mitra 

Mitra  shell 

8.000    e 

Family  Muricidae 

Chicoreus  chicoreus 

Murex  shell 

10.000    e 

Chicoreus  ramosus 

Ramose  murex 

5.000    e 

1 

Family  Naticidae 

Polinices  mamilla 

Pear  moon  shell 

Not  sold 

Family  Potamidae 

Terebralia  palustris 

Mud  whelk 

Not  sold 

Family  Strombidae 

Lambis  chiragra 

Arthritic  spider 

10,000    e 

Lambis  lambis 

Common  spider 

10.000    e 

4 

Strombus  mutabdis 

Humpback  conch 

Not  sold 

Family  Turbinidae 

Turbo  coronatus 

Turban  shell 

Not  sold 

Family  Turbinellidae 

Vasum  turbinrlluni 

Not  sold 

Class  Cephalopoda 

Octopus  vulgaris 

Common  octopus 

3,000/k 

3 

Crustacea  (Decapoda) 

Family  Palinuridae 

Pamdirus  homarus 

Scalloped  lobster 

10.000    e 

Panulirus  versicolor 

Painted  lobster 

10.000    e 

Family  Portunidae 

Porlunus  pelagicus 

Pelagic  swimmer 

Not  sold 

Scylla  serrata 

Mud  crab 

5.000/k 

Thalamita  crenata 

Widefront  swimmer 

Not  sold 

The  value  (in  Meticais)  and  importance  of  species  are  .shown  for  three  intertidal  habitats  and  the  subtidal  (e  =  each,  /k  =  per  kilo).  The  five  numbered 
species  in  each  of  the  four  habitats  are  the  most  important  species  harvested  (1  being  most  important  of  these  and  5  being  the  least).  The  index  was 
calculated  from  an  average  of  importance  in  terms  of  the  number  of  specimens  collected,  and  the  number  of  harvesters  collecting  each  particular  species. 
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TABLE  2. 
The  proportions  of  mollusc  and  crustacean  species  harvested  in  the  Quirimha  Island  Archipelago. 


Commercial  species 


Quirimha  Island 
n  =  16.756  (8.^) 


Quisiva  Island 
n  =  1.682  (77) 


Quilaluia  Island 
n  =  5(15  (12) 


Senear  Island 
n  =  65  (8l 


Molluscs 

Class  Biviilvid 
Family  AiriJtw 

Barhario  fusca 
Family  Piimidcie 

Alrina  vexillum 

Pinna  muricala 
Family  Ptehidae 

Pincuida  nigra 
Family  Tridacnidae 

Tridacna  squamosa 
Class  Gastopoda 
Family  Cassidae 

Cassis  comuta 

Cypraecassis  rufa 
Family  Conidae 

Conus  litleratus 
Family  Cymaridae 

Charonia  rritonis 
Family  Cypraeidae 

Cypraea  tigris 
Family  Fasciolaridae 

Fasciola  trapezium 
Family  Harpidae 

Harpa  major 
Family  Melongenidae 

Volema  pyrum 
Family  Mitridae 

Mitra  milra 
Family  Muricidae 

Chicoreus  chicoreus 

Chicoreus  ramosus 
Family  Naticidae 

Polinices  mamilla 
Family  Poiamidae 

Terebralia  palustris 
Family  Slromhidue 

Lombis  chiragra 

Lambis  Uimbis 

Slronihus  mutabilis 
Family  Turbinidae 

Turbo  coronatiis 
Family  Turbinellidae 

Vasum  lurhinellum 
Class  Cephalopoda 

Octopus  vulgaris 
Total  Molluca 
Crustacea  (Decapoda) 
Family  Palinuridae 

Panulirus  bomarus 

Panulirus  versicolor 
Family  Portunidae 

Portunus  pelagicus 

Scylla  serrata 

Thalamita  crenata 
Total  Crustacea 


10.3(44.3) 

Negligible 
2.8  (8.3) 

78.9(54.2) 


Negligible 

0.1  (7.2) 
0.2(13.2) 

0.3(13.2) 

Negligible 
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The  total  sample  size  of  specimens  is  illustrated  under  each  island  heading  together  with  the  sample  size  of  harvesters  in  parentheses.  The  values  (percent) 
for  each  species  are  the  proportion  of  total  number  of  individual  specimens  harvested  at  each  island  sampled  during  the  study  period.  The  proportion  of 
harvesters  collecting  each  species  is  shown  in  parentheses.  Species  that  were  only  collected  subtidally  are  illustrated  as  such.  The  two  species  marked 
with  an  asterisk  are  imponant  within  the  archipelago  but  were  not  collected  to  any  great  degree  on  any  of  these  four  islands.  Dashes  indicate  species  not 
collected  at  that  site. 
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Figure  3.  Length-frequency  histograms  of  exploited  molluscs  at  Quir- 
imba  Island.  Samples  of  specimens  Here  measured  from  harvester 
collections  to  illustrate  the  size  range  of  each  species  being  used.  The 
smaller  of  the  two  peaks  seen  in  the  /,.  lambis  histogram  « as  the  result 
of  intertidal  collections,  and  the  larger  peak  to  the  right  was  the  result 
of  subtidal  snorkel-aided  collections. 


collected  were  between  40  and  (iO  iiini  Umg.  The  mean  length  ot'C 
ramosus  shells  from  terrestrial  middens,  harvested  on  Quirimba 
Island  from  years  previous  was  117.3  (SD  15.6)  mm.  and  the 
smallest  shells  collected  were  between  80  and  90  mm  long.  Al- 
though there  was  considerable  overlap  in  the  length  of  C.  ramosus 
shells  collected  in  1996  and  from  previous  years  (Fig.  4).  the 
average  length  has  significantly  decreased  (Student  I  =  96.6.  p  < 
0.001).  Similarly,  the  average  length  and  smallest  length  of  F. 
trapezium  collected  on  Quirimba  Island  have  significantly  de- 
creased (Student  ;  =  94.7.  p  <  0.001)  from  130.9  to  103.9  and 
from  over  100  to  70,  respectively.  Shells  of  F.  trapezium  from  the 
other  (seasonally)  well-populated  study  island,  Quisiva.  illustrated 
a  similar  pattern  (Fig.  5).  The  lengths  of  F.  trapezium  collected  at 
Quilahua  Island  and  Senear  Island  (both  of  which  have  low  per- 
manent population)  were  1 14.5  and  1 15.8  mm,  respectively.  These 
were  both  significantly  larger  than  collected  F.  trapezium  from 
Quirimba  and  Quisiva  Islands  (Student  t  =  22.1,  p  <  0.001 ).  On 
Quilaluia  and  Senear  Islands,  the  average  length  of  F.  trapezium 
had  also  significantly  decreased  from  old  collections  on  the  same 


islands  (Student  t  =  3.4,  p  <  0.01  and  t  =  3.0.  p  <  0,01.  respec- 
tively). 

Within  an  area  of  the  lower  shore,  between  20  and  80  m  wide 
for  0.75  km,  the  large  semiburied  bivalve  Pimm  muricata  domi- 
nated the  seagrass  benthos  of  Quirimba  Island,  averaging  IS/m" 
but  with  occasionally  up  to  60/m"  (Barnes,  unpubl.).  In  contrast  to 
the  size  reduction  of  intertidal  representatives  of  the  gastropod 
species  C.  ramosus  and  F.  trapezium,  length  measurements  sug- 
gested that  populations  of  the  P.  muricata  have  so  far  been  unaf- 
fected by  the  cuirent  and  previous  levels  of  collection  at  Quirimba 
Island.  The  size  of  collected  specimens  was  not  significantly  (Stu- 
dent t  =  0.6.  p  >  0.05)  different  from  the  size  of  those  found  to 
have  died  of  natural  causes. 

Most  adult  intertidal  fishermen  studied  or  interviewed  rejected 
or  claimed  to  reject  shells  of  each  species  below  a  certain  size. 
Causal  but  unquantified  observations  suggested  that  this  varied 
between  adults  and  that  children  collected  smaller  shells.  All  of  the 
species  of  mollusc  shells  found  in  old  collections  were  still  col- 
lected in  1996.  but  some  species,  notably  many  of  the  low-value 
species  (e.g.,  Polinices  mamilla.  Turlio  coronatus.  Vassum  tur- 
binellwn).  were  not  represented  in  old  midden  collections. 

The  mean  carapace  width  of  the  portunid  5.  serrata  collected 
(mainly  from  the  mangroves  adjacent  to  Ibo  Island)  was  147.6  inm 
(minimum.  104  mm;  maximum.  200  mm).  S.  serrata  was  rarely 
observed  to  be  collected  from  the  mangroves  of  any  of  the  study 
islands,  although  those  on  Quiriinba  Island  have  apparently  sup- 
ported brief  periods  of  collection  in  the  past  (Joachim  Gessner, 
pers.  comm.).  The  sizes  of  both  populations  and  individuals  of 
Quirimba  Island  .S'.  serrata  were  small. 
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Figure  4.  I.englh-frequency  histograms  of  ('.  ramiisux  collections  al 
Quirimba  and  yuisi\a  Islands.  The  upper  histogram  represents  col- 
lections made  during  the  study  period  (iy%).  and  the  lower  histogram 
represents  midden  collections. 
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Figure  5.  Lcngth-t'requcncv  histograms  of  F.  trapezium  collections  at 
Quirimba  and  Quisiva  Islands.  The  darker  shaded  histograms  repre- 
sent collections  made  during  the  study  period  (19961,  and  the  lighter 
shaded  histograms  represent  old  collections  dug  up  from  now  unused 
middens. 

DISCUSSION 

The  intertidul  and  immediate  subtidal  zones  of  Quirimba. 
Quisiva.  Quilaluia.  and  Senear  Islands  of  the  Quirimba  Arehi- 
pelago  are  a  vital  resource  for  local  fisheries.  These  are  operated 
by  between  5  and  25%  of  the  island  populations,  mostly  by  women 
and  children.  This  translates  to  between  2  and  10  collectors  per 
kilometer  of  intertidal  zone  (on  spring  tides).  Intertidal  collecting 
was  only  undertaken  on  spring  low  tides,  and  effort  in  terms  of 
number  of  collectors  was  proportional  to  the  tidal  range.  Such  an 
intensity  of  collection  is  considerably  lower  than  that  both  in  Tan- 
zania (Andersson  and  Ngazi  1995.  Horril  et  al.  1996)  to  the  north 
and  on  Inhaca  Island  (pers.  obs.)  to  the  south. 

The  proportions  of  species  and  actual  species  of  molluscs  and 
crustaceans  harvested  in  the  Quirimba  Archipelago  also  differed 
considerably  from  those  harvested  in  southern  Tanzania  and  south- 
em  Mozambique.  The  number  of  artisanally  important  species  was 
high,  although  a  few  species  harvested  at  Inhaca  Island  were  not 
collected  in  the  Quirimba  Archipelago  (pers.  obs.).  This  was  be- 
cause of  rarity  in  somt  cases  (e.g..  Modiuhts  phytipinanim  (horse 
mussel])  and  probably  lack  of  necessity  (e.g..  Calappa  hcpaucu 


I  box  crab  I  and  ilea  sp.  (fiddler  crab()  because  other  more  prized 
species  such  as  Porliimis  pelcifiinis  {Piirlunidae)  were  compara- 
tively more  abundant  in  the  Quirimba  Archipelago.  Molluscs  were 
proportionately  much  more  imptxtant  to  the  uitertidal  collectors  of 
the  Quirimba  Archipelago  and  Tanzanian  Islands  than  in  the  more 
southerly  Inhaca  Island,  where  the  tonnage  of  molluscs,  decapod 
crustaceans,  and  holothurians  collected  per  unit  time  was  approxi- 
mately equal  (Longomane  1995.  Santana  Afonso  1995.  Macia  and 
Hernroth  1995).  Molluscs,  particularly  mussels,  dominate  the  in- 
tertidal resources  collected  in  much  of  South  Africa  (Hockey  et  al. 
1988,  Va  Erkom  Schurink  and  Griffiths  1990).  The  abundance  of 
edible  and  search-time  cost-effective  mollusc  species  in  the  Quir- 
imba Archipelago  partly  explains  the  lesser  dependence  on  octo- 
pus compared  with  Tanzania  (Andersson  and  Ngazi  1995). 

The  interpretation  of  the  results  from  this  study  involves  the 
assumption  that  changes  in  size  distribution  are  due  (or  largely 
due)  to  fishing  pressure  and  not  other  ecological  factors.  Although 
such  an  assumption  may  be  an  oversimplification,  it  has  been  used 
as  the  basis  for  studying  various  shell  fisheries  (e.g..  in  East  Africa 
by  Horril  et  al.  1996,  in  South  Africa  by  Van  Erkom  Schurink  and 
Griffiths  1990,  and  in  Belize  by  Azueta  1993  unpubl).  The  re- 
source/environmental effect  of  the  artisanal  intertidal  fisheries  in 
the  Quirimba  Archipelago  does  not  seem  particularly  marked 
when  compared  with  the  majority  of  tropical  or  subtropical  fish- 
eries of  this  type  reported  previously  (Gomez  et  al.  1989.  Alcala 
and  Russ  1990.  Andersson  and  Ngazi  1995.  Coughanowr  et  al. 
1995).  There  has  been  a  significant  decrease  (Student  /  =  94.7,  p 
<  0.001  and  t  =  22.1.  p  <  0.001  respectively)  in  the  size  of  two  of 
the  most  importantly  collected  mollusc  species  (F.  trapezium  and 
C.  ramosus).  The  timeframe  over  which  this  has  happened  is  un- 
known. The  data  collected  by  this  study  suggest  that  the  length  of 
harvested  individuals  of  the.se  species  has  decreased  less  on  the 
shores  of  the  two  smaller  islands  (Quilaluia  and  Senear),  where 
fishing  pressure  is  lower,  than  on  the  other,  larger  islands  of  Quir- 
imba and  Quisiva  (F.  trapezium.  Student  l  =  2.03.  p  <  0.05  and  t 
=  2.12.  p  <  0.05;  C.  ramosus.  Student ;  =  2.77.  p  <  0.01  and  l  = 
2.72.  p  <  0.01.  respectively).  Although  the  differences  are  small, 
they  may  illustrate  the  effect  of  increased  collection  pressure  on 
the  populations  of  these  species. 

The  brachyuran  crab  P.  pelagicus  was  the  most  important  local 
crustacean  fished.  This  species  is  imponant  elsewhere  along  the 
East  African  Coast  (pers.  obs.).  and  crabs  of  the  genus  Porluims 
are  also  a  major  contribution  of  West  African  crustacean  shellfish- 
eries  (Manning  and  Holthuis  1981).  Grapsid  crabs,  although  lo- 
cally abundant,  appear  not  to  be  collected,  as  in  parts  of  West 
Africa,  such  as  Ghana  (Irvine  1947)  and  the  Cape  Verde  Islands 
(Barnes  unpubl.).  No  mention  has  been  found  of  crabs  of  the  genus 
Tlialamita  being  caught  elsewhere  for  food,  although  Rathbun 
(1921,  in  Manning  and  Holthuis  1981)  mentions  their  ease  of 
capture  in  the  Congo  intertidal  zone. 

The  exploitation  of  the  crustacean  5.  serrata  does  not  appear 
high  in  the  Quirimba  Archipelago.  However,  over  11%  of  col- 
lected individuals  had  carapace  widths  smaller  than  would  be  al- 
lowed by  law  in  South  Africa  ( 1 14  mm  minimum  in  Cape  Province 
and  115  mm  miniinum  in  Natal),  and  the  size  of  individuals  ob- 
served in  the  Quirimba  Island  mangroves  was  small  and  the  spe- 
cies was  rare.  S.  serrata  has  often  been  overexploited  throughout 
its  range,  which  spans  the  Indo-Pacific  region  (MacNae  1968). 
There  are.  however,  extensive  mangroves  around  Ibo  Island  and  a 
substantial  part  of  the  northern  Mozambique  coastline.  This  region 
mav.  therefore,  be  one  of  the  more  important  regions  globally  for 
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the  species,  both  from  resource  supply  and  conservation  angles. 
The  absence  of  freshwater  (and  the  hardships  associated  with  this) 
from  Quilaluia.  Quisiva,  and  Senear  may  be  an  important  factor  in 
maintaining  the  relatively  low  overall  current  level  of  intertidal 
resource  utilization  (although  the  inshore  and  offshore  fishing 
pressures  may  be  considerably  higher;  Darwin/Frontier  Mozam- 
bique Marine  Research  Programme  unpubl.). 

The  absence  of  tourism  and  lack  of  suitable  diving  equipment, 
as  well  as  an  intertidal  zone  on  which  collection  is  easy,  have 
resulted  in  little  free  or  SCUBA  diving  for  lobsters  or  larger  mol- 
luscs. L.  lambts  (spider  conch)  shells  are  one  of  the  most  important 
species  collected  to  sell,  but  there  has  been  no  obvious  size  or 
population  effect  discovered  by  this  study.  Lobsters  of  the  genus 
PanuUnis  are  often  heavily  exploited  to  the  extent  of  catastophic 
population  decrease,  a  problem  being  faced  in  both  southern  Tan- 
zania and  southern  Mozambique,  along  with  many  other  coastal 
tropical/subtropical  urban  areas.  Throughout  the  Quirimba  Archi- 
pelago. PaiHilinis  hoinanis  and  Painilinis  versicolor  remain  com- 
mon in  the  subtidal  zone  (3-20  m;  pers.  obs.). 

The  diversity  of  molluscs  exploited  artisanally  (22  species)  is 
one  of  the  highest  reported  of  any  Indo-Pacific  local  region  known 
to  the  authors  and  probably  reflects  both  the  local  marine  biologi- 
cal diversity  and  the  lack  of  local  anthropogenic  disturbance.  This 
situation  can  be  partly  attributed  to  the  extended  period  of  civil 
conflict  (ending  in  1992).  which  heavily  damaged  the  transport  and 


communication  infrastructure  and  precluded  tourism,  but  also 
caused  population  shifts  into  the  relative  safety  of  the  archipelago. 
The  fact  that  the  archipelago  is  farther  from  an  international  airport 
(Maputo  is  2,000  km  distant)  than  virtually  any  other  stretch  of 
coastline  in  Africa,  combined  with  the  lack  of  water  on  many  of 
the  islands,  has  also  restricted  development.  The  region  could  be 
arguably  regarded  as  one  of  Africa's  most  remote  mainland  sites  of 
marine  biological  diversity  and  cultural  importance,  but  the  islands 
are  small  and  increased  development  will  bring  new  and  additional 
disturbances,  changing  the  nature  of  the  intertidal  sy,stem.  One  of 
the  principal  aims  of  the  ongoing  studies  of  the  Darwin/Frontier 
Moi;ambique  Marine  Research  Programme  is  to  ultimately  provide 
key  information  and  suggestions  that  could  lead  to  an  effective 
management  plan  to  sustain  the  archipelago. 
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.ABSTRACT  There  is  a  pres.sing  need  to  protect  the  ecology  of  nearshore  marine  habitats  that  are  used  for  an  ever  increasing  range 
of  activities.  In  particular,  fisheries  managers  need  to  consider  both  environinental  and  socioeconomic  issues  in  coastal  areas  owing 
to  the  environmental  changes  that  can  occur  as  a  result  of  cultivation  and  harvesting  processes  associated  with  mariculture.  Bivalve 
cultivation  can  be  broadly  split  into  three  main  processes:  (1)  seed  collection,  (2)  seed  nursery  and  on-growing,  (3)  harvesting. 

The  environmental  impacts  of  each  cultivation  stage  will  vary  depending  on  the  species  in  question  and  the  techniques  used.  In 
many  instances,  commercial  species  are  reared  as  seed  in  hatcheries  prior  to  seeding,  with  few  effects  on  the  environment.  However, 
while  some  species  are  collected  froin  the  wild  using  benign  techniques  such  as  spat  collectors,  others  are  extracted  using  intrusive 
devices  such  as  dredges.  A  growing  number  of  studies  of  the  ecological  effects  of  mechanical  collecting  devices  have  demonstrated 
direct  mortality  of  non-target  species  and  the  destruction  of  suitable  settlement  substrata  or  habitats.  In  addition,  other  species,  such 
as  birds,  crabs  and  starfish,  may  be  deprived  of  valuable  food  resources  and  habitat  as  a  result  of  the  mechanical  harvesting  of  bivalve 
seed. 

The  nur.sery  and  ongrowing  of  bivalves  involves  either  suspended  culture  subtidally,  trestle  culture  intertidally  or  cultivation 
directly  on/in  the  ground.  Many  of  the  environmental  changes  that  occur  result  from  their  filter  feeding  activities  that  produce  faeces 
and  pseudofaeces.  This  can  lead  to  depletion  of  phytoplankton  in  densely  cultivated  systems  and  accumulation  of  silt/pseudofaeces 
beneath  suspended  cultures  that  then  often  results  in  a  locally  anoxic  environment  and  faunal  impoverishment.  In  addition,  the 
structures  used  during  the  cultivation  process  can  cause  environmental  change.  For  example,  the  use  of  netting  to  protect  clams  from 
crab  predators  leads  to  siltation  and  accumulations  of  sediment.  Parks  of  trestles  can  drastically  alter  the  water  llow  regime  leading  to 
changes  in  sedimentation  rate  and  oxygen  exchange  within  the  system.  Extensive  intertidal  cultivation  plots  could  deprive  birds  of 
feeding  habitats,  and  the  associated  husbandry  practices  may  disturb  roosting  birds. 

The  final  stage  of  cultivation  involves  harvesting.  In  many  ca.ses  this  involves  little  more  than  emptying  the  bivalves  from  poches 
or  lifting  ropes.  However,  in  the  case  of  .species  cultivated  within  sediment,  or  relayed  on  the  seabed,  the  use  of  intrusive  techniques 
is  required.  Both  dredgers  and  suction  devices  cause  disruption  of  the  sediment  and  kill  or  directly  remove  non-target  species.  The  time 
taken  for  communities  affected  by  these  processes  to  recover  will  vary  depending  on  a  number  of  factors,  such  as  the  cohesive  qualities 
of  the  sediment  and  the  aspect  of  the  site  and  the  longevity  of  the  non-target  fauna. 

As  is  the  case  with  all  anthropognic  activities  that  impinge  on  the  marine  environment,  the  magnitude  of  the  environmental  changes 
that  occur  is  linked  to  the  scale  of  the  cultivation  processes.  There  are  also  positive  aspects  to  coastal  shellfish  cultivation  such  as  the 
provision  of  hard  substrata  and  shelter  in  otherwise  barren  sites  and  the  possibilities  of  using  the  cultured  organisms  as  environmental 
sentinels. 

Here,  we  review  the  potential  environmental  elfects  that  occur  throughout  the  cultivation  cycle,  from  collection  of  the  seed  to 
harvesting.  We  suggest  that  careful  consideration  of  the  techniques  used  can  effectively  minimise  environmental  changes  that  might 
occur,  and  possibly  ameliorate  subsequent  restoration  of  cultivated  sites. 

KEY  WORDS:     Bivalve,  mariculture,  environmental  impact 


INTRODUCTION  been  associated  with  mussel  and  oyster  farms  in  Spain  and  France 

(Tenore  et  al.  1982,  Caste!  et  al.  1989)  located  at  sites  where 
hydrographical  conditions  were  unsuitable  for  high  density  culti- 
vation (Castel  et  al.  1989).  To  date,  the  majointy  of  studies  that 
have  addressed  the  environmental  impacts  of  bivalve  cultivation 

„     .  ,  ,..,.,         have  been  laraely  concerned  with  the  on-mowins  phase  of  culti- 

cntena  can  be  equally  important  when  making  site  selection  de-  ,,       "  .  ,       ,  .      .         r  ,  ■     ,         ■       , 

.     ,    ,  ,  r  ,  J      vation.  However,  commercial  cultivation  or  bivalves  involves 


Bivalve  mariculture  is  mainly  restricted  to  coastal  areas  within 
several  km  of  the  shoreline.  The  location  of  cultivation  sites  is 
based  on  the  availability  of  suitable  conditions  for  successful  col- 
lection and  cultivation  of  commercially  exploited  species.  Other 


cisions,  these  may  include  considerations  of  water  quality  and 
contaminant  load,  the  occurrence  of  disease  organisms  and  con- 
flicts with  other  coastal  users  (Laing  and  Spencer  1997).  More 


three  distinct  processes:  seed  collection,  seed  nursery  and  ongrow- 
ing, and  harvesting.  Here,  we  review  current  knowledge  with  re- 

,,  ,  spect  to  environmental  modification  or  contlicts  with  other  species 

recently,  there  has  been  an  increase  in  the  awareness  or  the  envi-  ,                                  ,                ,-   ,         ,                              ^ 

,     ..^         ,                      ,    c          ,           ■                     r-  !_•  that  may  arise  at  each  slaiie  of  the  cultivation  process.  Our  em- 

ronmental  effects  that  may  result  from  the  various  stages  of  bi-  ,■■,,.,          ,    v,     T  »                    j  r-                  u 

...                          . .              ,  ,        J             rr         1  phasis  IS  deliberately  North  American  and  European  where  recent 
valve  cultivation  processes.  Most  notably,  adverse  effects  have  T    •  ■    ■            u        u    r-^  n  u         r^-       •      u      ■        _     .  •      i- 
^  legislation  such  as  the  EC  Habitats  Directive  has  important  impli- 
cations for  the  aquaculture  industry.  Currently,  .some  of  the  areas 
covered  in  this  review  are  yet  to  be  addressed  in  a  formal  scientific 


*Present  address:  School  of  Ocean  Sciences,  University  of  Wales-Bangor,       manner.  Hence  some  of  our  reported  observations  are  based  on 
Menai  Bridge,  Gwynedd  LL59  56Y,  United  Kingdom.  personal  communications  or  observations. 
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Kaiser  et  al. 


SEED  COLLECTION 

Subtidal  Dredging 

Whereas  the  adults  of  many  species  are  harvested  subtidally 
with  dredges  (e.g.  clams,  Aniicii  isUmdica,  Meicenaria  merce- 
naiia.  Ensis  spp.  and  scallops.  Pecteii  iiuixiiinis.  Aeqiiipeclen  oper- 
cidaris).  we  know  of  only  one  species,  Mytihts  ediilis.  which  is 
dredged  as  seed  for  relaying  and  ongrowing  (W.  Cook,  North 
West,  and  North  Wales  Sea  Fisheries  Committee,  UK).  An  in- 
creasing number  of  experimental  studies  have  examined  the  eco- 
logical effects  of  disturbance  created  by  bivalve  dredging  activi- 
ties. In  the  majority  of  cases  the  target  .species  considered  have 
been  scallops  or  clams  (Caddy  1973,  Peterson  et  al.  1987,  Elefthe- 
riou  and  Robertson  1992.  Thrush  et  al.  1995,  Currie  and  Parry 
1996)  that  live  as  separate  individuals  either  just  below  the  surface 
of  or  within  the  seabed.  Studies  of  the  ecological  effect  of  heavy 
commercial  scallop  dredges  on  benthic  communities  have  demon- 
strated that  large  reductions  in  species  numbers  and  abundance 
occur  immediately  after  dredging  and  that  in  some  cases,  recovery 
of  the  fauna  had  not  occurred  after  3  mo  (Thrush  et  al.  1995,  Currie 
and  Parry  1996).  Whereas  scallops  and  clams  are  found  in  rela- 
tively low  densities  (<1  m~~)  seed  mussels  form  dense  aggrega- 
tions in  discrete  areas  of  the  seabed  (Dankers  and  Zuidema  1995). 
As  a  result,  the  extent  of  physical  disturbance  caused  while  dredg- 
ing for  mussel  seed  will  be  confined  to  relatively  small  areas  of  the 
seabed.  In  the  United  Kingdom,  licenses  are  issued  to  collect  seed 
once  a  layer  of  ""mussel  mud"  has  built  up  beneath  the  mussel 
seed  bed.  Mussel  mud  is  the  accumulated  dead  shells,  silt  and 
pseudofeces  that  build  up  beneath  the  mussel  bed  (Davies  et  al. 
1980).  At  this  point  the  mus.sels  detach  their  byssus  from  the 
substratum  and  the  whole  bed  becomes  unstable.  This  enables 
dredgers  to  efficiently  skim  off  the  mussel  seed  while  leaving  the 
substratum  relatively  unaffected.  It  is  important  to  note  that  if  the 
mussel  seed  was  not  exploited,  winter  storms  would  destroy  the 
seed  beds  which  are  then  lost  from  the  fishery  or  are  eaten  by 
starfish  predators  (Straaten  1965,  Seed  1993,  W.  Cook  North 
Wales  and  North  West  Sea  Fisheries  Committee,  and  D.  B.  Ed- 
wards CEFAS  Conwy  Laboratory  pers.  comm.).  The  non-target 
benthic  communities  found  in  this  habitat  are  probably  adapted  to 
large-scale  natural  disturbances  and  are  likely  to  recolonize  har- 
vested areas  rapidly  (Hall  and  Harding  1997).  The  Baird  and  Dutch 
dredges  used  to  collect  the  seed  mussels  are  used  singly  and  are 
relatively  light  compared  with  gangs  of  up  to  20  Newhaven 
dredges,  which  are  fished  in  pairs  by  commercial  scallop  boats 
working  the  English  Channel  and  Irish  Sea  (Dare  1974,  Kaiser  et 
al.  1996).  As  a  result,  we  postulate  that  environmental  degradation 
that  may  occur  as  a  result  of  mechanical  mussel  seed  harvesting 
are  unlikely  to  cause  major  environmental  changes  to  the  substra- 
tum and  are  restricted  to  the  areas  in  which  the  seed  beds  have 
formed.  In  addition,  dredging  activities  for  mussel  seed  are  sea- 
sonal, which  allows  a  period  of  recovery  from  I  y  to  the  next.  The 
benefits  in  harvesting  a  resource  which  is  regularly  lost  to  natural 
perturbations  probably  outweigh  the  limited  negative  effects. 

In  extensive  fisheries,  such  as  the  Wadden  Sea,  the  depletion  of 
the  seed  mussel  stocks  has  the  greatest  effect  on  trophic  interac- 
tions within  this  system.  Dankers  and  Vlas  (1992)  estimated  that 
from  1984  to  1990  between  30-130  x  10"  kg  of  mussel  seed  were 
harvested  from  an  estimated  subtidal  stock  of  165  x  10''  kg.  One 
consequence  of  the  heavy  exploitation  of  the.se  seed  beds  is  that 
they  are  not  permitted  to  develop  into  mature  adult  mussel  beds.  In 


1990  and  1991  the  entire  intertidal  mussel  stock  was  removed  by 
mussel  seed  dredging  in  the  Wadden  Sea.  This  resulted  in  in- 
creased mortalities  of  eider  duck  and  reduced  breeding  success  for 
oyster  catchers  that  depend  on  mussels  as  a  food  source.  Dankers 
and  Zuidema  ( 1 995 )  suggested  that  these  ecological  effects  would 
persist  for  many  years  until  new  mussel  beds  develop  and  mature. 

Intertidal  Collection 

Juvenile  mussels  are  gathered  from  intertidal  rocky  shores  by 
scraping  them  from  the  surface  of  the  rock.  This  is  the  main  source 
of  seed  for  long-line  mussel  cultivation  in  southwestern  Ireland,  of 
which  an  estimated  1000  tonnes  per  annum  is  removed  to  support 
farming  activities  in  Bantry  Bay  and  the  Kenmare  estuary.  Al- 
though there  is  no  published  information  on  the  direct  impact  of 
this  harvest,  there  may  be  some  effects  associated  with  trampling 
across  the  shore  (Brosnan  and  Crumrine  1994)  and  the  disturbance 
of  foraging  birds  and  the  removal  of  an  important  winter  food 
source  (Goss-Custard  and  Verboven  1993).  In  addition,  the  re- 
moval of  large  patches  of  mussels  from  the  middle  to  lower  shore 
will  presumably  modify  local  community  structure  by  altering 
small-scale  hydrography,  trophic  interactions,  and  the  exchange  of 
organic  matter. 

the  of  Collectors  and  Ciiltch 

Spat  collectors  are  made  from  a  wide  variety  of  natural  and 
man-made  materials  and  are  generally  laid  out  on  the  shore  or 
suspended  in  the  water  from  ropes.  There  are  few  environmental 
effects  of  these  collectors  outwith  removal  of  the  spat  of  both 
target  and  non-target  species.  The  use  of  cultch  to  encourage  spat- 
falls  often  requires  modification  of  the  substratum,  e.g.,  laying 
broken  shell  onto  mudflats.  The  implications  of  using  cultch  are 
discussed  later  in  this  paper. 

Hatchery  Seed 

As  in  finfish  hatcheries,  antibiotics  are  used  in  some  bivalve 
hatcheries.  To  date  there  is  little  information  on  the  environmental 
effects  of  using  antimicrobial  products  in  bivalve  hatcheries.  Drug 
resistance  in  fish  pathogens  is  now  well  established  as  are  the 
effects  of  antibiotics  on  microfaunal  communities  beneath  fish 
cages  (Anonymous  1996).  However,  only  a  few  bivalve  hatcheries 
supply  a  much  larger  on-growing  industry  (two  hatcheries  supply 
the  United  Kingdom  seed  requirements),  hence  any  effects  are 
likely  to  be  highly  localized. 

Introductions  of  Alien  Species 

Several  alien  marine  organisms  have  become  established  after 
having  been  unintentionally  introduced  with  imports  of  bivalve 
mollusc  seed  (Utting  and  Spencer  1994;  Eno  1996;  Minchin  1996; 
Eno  et  al.  1997).  These  include  competitors  of  bivalves,  such  as  the 
slipper  limpet  iCirpiJiiUi  fornicata).  Slipper  limpets  can  reach  a 
high  level  of  biomass  and  compete  for  food  and  space  and.  in  silty 
waters,  can  change  the  benthic  environment  through  their  feeding 
activities  and  excretions.  However,  the  presence  of  slipper  limpets 
can  also  provide  a  suitable  surface  on  which  oyster  spat  and  other 
organisms  can  settle.  Other  introductions  include  bivalve  pests, 
such  as  the  American  whelk  tingle  {ihosiilpin.x  cinerea)  and  dis- 
eases, such  as  Boiuiiiiia.  which  infects  the  blood  cells  of  flat  oys- 
ters, causing  high  mortalities  under  conditions  of  intensive  culti- 
vation. The  spread  of  this  and  other  serious  diseases  of  bivalves  is 
restricted  through  EU  regulations  on  movements  of  shellfish  (EU 
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Directive  95/70/EC).  This  legislation  controls  the  movements  of 
shellfish  to  prevent  the  introduction  anJ  spread  of  disease  agents  to 
EL'  countries  while  encouraging  free  trade  betv\een  member  states. 

Many  countries  also  have  additional  national  legislation  to  con- 
trol the  introduction  of  exotic  bivalve  species  for  cultivation.  In  the 
UK.  for  example,  release  of  e.xotic  species  into  the  v\'ild  is  only 
permissible  by  licence  under  the  Wildlife  and  Countryside  Act 
(1981).  The  International  Council  for  the  Exploration  of  the  Sea 
(ICES)  has  produced  a  Code  of  Practice  entitled  "The  Introduc- 
tions and  Transfers  of  Marine  Organisms  1994."  This  most  recent 
version  of  the  Code  addresses  three  challenges  that  face  aquacul- 
ture  today.  First,  inadvertent  co-introductions  of  harmful  organ- 
isms associated  with  the  target  species,  as  occurred  recently  in 
Pacific  oyster  shipments  from  France  to  Ireland  (Holines  and 
Minchin  I99.'i):  second,  the  ecological  and  environmental  impacts 
of  introduced  and  transferred  species;  thirdly,  the  genetic  impact  of 
introduced  and  translerred  species  on  indigenous  stocks.  Although 
there  is  concern  in  the  salmon  industry  that  if  farmed  fish  escape 
they  may  affect  the  genetic  diversity  of  native  stocks,  the  genetic 
impacts  of  transferring  bivalve  stocks  from  one  area  to  another 
ha\e  not  been  addressed. 

Introductions  of  algae,  including  toxic  dinoflagellates.  blooms 
of  which  can  have  a  significant  impact  on  commercial  bivalve 
mollusc  culture,  have  generally  been  attributed  to  the  transporta- 
tion of  resting  cysts  in  ships'  ballast  water  (Hallegraeff  and  Bolch 
1991).  However,  normal  trading,  involving  transport  of  shellfish 
stocks  from  one  area  to  another  followed  by  relaying  or  storage  in 
open  basins,  can  provide  another  mechanism  of  transfer.  The  feces 
and  digestive  tracts  of  bivalves  can  be  packed  with  viable  di- 
noflagellate  cells  or  can  contain  resting  cysts  (Scarratt  et  al.  199.^). 
Viable  cysts  may  also  be  found  in  the  mud  and  sand  retained  with 
dredged  mussels.  These  cysts  may  then  be  released  into  coastal 
waters  at  a  new  location.  In  the  Netherlands,  recirculating  storage 
systems  are  used  to  quarantine  mussels  and  oysters  as  a  precaution 
against  such  introductions  (Dijkema  1995).  Invasive  alien  sea- 
weeds, including  Sargassiim  muticum.  Undaria  pinnatifida.  and 
Laminaria  japonica  are  also  thought  to  have  been  introduced  into 
European  waters  through  transport  of  the  sporophyte  stage  in  oys- 
ter juveniles,  or  as  small  plants  attached  to  bivalve  shells  (Rueness 
1989). 

ON-GROWING 

One  of  the  main  attractions  of  bivalve  species  for  aquaculture. 
is  that  they  are  on-grown  to  market  size  in  the  natural  environment 
making  use  of  an  unsupplemented  natural  food  supply.  Neverthe- 
less, this  usually  requires  the  introduction  of  structures  into  the 
marine  environment  on  or  from  which  the  bivalves  are  either  sup- 
ported or  suspended.  The  introduction  of  such  structures  has  an 
immediate  effect  on  local  hydrography  and  pro\ides  a  new  sub- 
stratum upon  which  epibiota  can  settle  and  grow.  In  addition,  the 
introduction  of  high  densities  of  cultivated  organisms  increases 
local  oxygen  demand  and  elevates  the  input  of  organic  matter  into 
the  immediate  en\  ironment.  Where  there  is  a  high  density  of  bi- 
valve stock  the  larval  settlement  of  other  benthic  species  may  be 
reduced.  It  has  been  shown  that  larvae  are  filtered  and  digested  by 
adult  bivalves.  Most  of  these  larvae  either  pass  through  the  diges- 
tive system  alive  or  are  rejected  by  the  adults,  but  they  then  be- 
come bound  in  the  faeces  or  pseudofaeces  {Baldwin  et  al.  1995). 

Notwithstanding  the  above  documented  effects  on  the  ecosys- 
tem through  commercial  cultivation  of  stocks  of  bivalve  molluscs 


it  should  be  remembered  that  natural  beds  of  these  animals  were 
once  extensive  and  played  a  \ital  part  in  the  functioning  of  the 
local  ecosystem,  processing  excess  phytoplankton  and  cycling  or- 
ganic material.  Overharvesting.  di.sease  and  to  some  extent  pollu- 
tion have  often  almost  destroyed  these  native  populations  and  the 
introduction  of  commercial  cultivation  may  be  no  more  than  re- 
establishment  of  the  status  quo.  The  literature  on  the  role  of  bi- 
valve molluscs  in  estuarine  ecosystems  shows  that  they  are  an 
essential  part  of  healthy  estuaries  around  the  world  in  which  they 
fulfil  an  important  role  in  the  retention  of  phosphorus  and  nitrogen 
(Dame  et  al.  1989.  Gottlieb  and  Schweighofer  1996). 

hilerlidal  Cullivalioii 

In  Arcachon  Bay.  France.  10  km''  of  the  lower  intertidal  zone 
is  occupied  by  oyster  parks,  which  constitutes  ca.  7%  of  the  total 
intertidal  area  within  the  bay  (Castel  et  al.  1989).  Oysters  are 
ongrown  by  either  relaying  them  directly  onto  the  substratum,  or 
growing  them  in  net  bags  (poches)  suspended  above  the  substra- 
tum on  trestles.  The  trestles  and  poches  often  become  fouled  with 
green  algae  (personal  observations),  which  will  further  increase 
levels  of  organic  enrichment  when  it  dies  back  in  autumn  and 
winter.  Castel  et  al.  (1989)  found  that  the  presence  of  densely 
stocked  oyster  parks  elevated  organic  carbon  levels  in  the  local 
sediments  which  elevated  oxygen  demand  and  produced  anoxic 
conditions.  As  a  result  meiofauna  increased  in  abundance  by  a 
factor  of  3-4,  whereas  macrofaunal  abundance  decreased  by  nearly 
a  half.  Nugues  et  al.  (1996)  examined  environmental  changes  at  a 
relatively  small  oyster  farm  in  the  River  Exe.  England,  and  also 
found  that  the  abundance  of  macrofauna  beneath  trestles  decreased 
by  a  half.  They  found  that  water  currents  were  significantly  re- 
duced in  close  proximity  to  oyster  trestles  that  doubled  sedimen- 
tation rate  and  increased  the  organic  content  of  the  underlying 
sediments  and  led  to  a  reduction  in  the  depth  of  the  oxygenated 
layer  of  sediment  (Nugues  et  al.  1996).  Nevertheless,  the  changes 
observed  in  the  benthic  fauna  were  restricted  to  the  area  immedi- 
ately beneath  the  trestles.  Hence,  at  low  stocking  densities,  the 
effects  of  oyster  cultivation  are  relatively  benign  and  highly  local- 
ized. It  is  not  surprising,  however,  that  environmental  effects  are 
exacerbated  as  the  carrying  capacity  of  enclosed  systems  is  ap- 
proached and  the  extent  of  cultivated  areas  is  increased  (Castel  et 
al.  1989). 

In  some  areas  of  Europe  and  North  America,  oysters  are  cul- 
tivated directly  on  the  ground  on  a  variety  of  substrata  including 
mud,  sand  and  gravel  (Simenstad  and  Fresh  1995).  In  North 
America,  preparation  of  ground  cultivation  plots  can  involve  se- 
vere levels  of  disturbance.  In  some  areas,  such  as  Willapa  Bay, 
Washington,  the  insecticide  carbaryl  is  sprayed  on  intertidal  areas 
to  kill  populations  of  burrowing  shrimp  (Neolnpciea  californiensis 
and  Upogebia  pugettensis).  which  destabilize  the  sediment  and 
smother  oysters  by  their  burrowing  activities.  Spraying  is  carried 
out  every  6  y  and  is  strictly  regulated  because  of  its  controversial 
nature  (Simenstad  and  Fresh  1995).  In  addition  to  the  application 
of  chemicals,  oyster  grounds  are  harrowed  to  level  the  ground 
before  cultivation,  and  raked  and  dredged  to  distribute  and  thin 
oysters  during  on-growing  (Simenstad  and  Fresh  1995).  Removal 
of  burrowing  fauna  and  harrowing  are  likely  to  induce  habitat  and 
community  changes  similar  to  those  attributed  to  dredge  harvest- 
ing techniques  discussed  earlier  in  this  paper. 

In  North  America,  many  clam  species  are  cultivated  which 
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include:  Manila  clam.  Tapes  philippiiiciruni:  hard-shelled  clam, 
Mercenaria  ineixenaria.  Cultivation  usually  involves  some  form 
of  habitat  modification  in  the  form  of  adding  gravel  or  gravel  and 
crushed  shell  to  the  substratum,  placing  protective  plastic  netting 
over  seed  clams,  or  laying  the  clams  directly  onto  the  sediment  in 
poches.  Not  surprisingly,  such  habitat  modifications  lead  to  alter- 
ations in  the  local  environment  and  ci>nsequently  faunal  composi- 
tion. 

Simenstad  and  Fresh  { 1 995 )  reported  that  the  application  of 
gravel  to  intertidal  sediments  resulted  in  a  shift  from  a  polychaete 
to  a  bivalve  and  nemertean  dominated  community,  but  emphasised 
that  changes  are  likely  to  be  site-specific.  Such  shifts  in  commu- 
nity compo.sition  could  have  repercussions  at  other  trophic  levels 


[e.g..  changes  in  the  abundance  of  certain  harpacticoid  copepod 
populations  that  are  important  prey  for  ju\enile  salmon  and  flatfish 
species  (Simenstad  and  Fresh  1993)]. 

In  the  United  Kingdom,  Parliamentary  law  necessitates  the  use 
of  protective  netting  in  Manila  clam  cultivation  to  prevent  escape 
of  this  introduced  species  (Spencer  et  al.  1997).  Spencer  et  al. 
(1996.  1997)  found  that  the  application  of  plastic  netting  to  an 
estuarine  silty  sand  substratum  led  to  an  immediate  increase  in 
sedimentation  rate  over  cultivated  plots  that  elevated  the  organic 
content  of  the  .sediment.  Within  6  mo  the  cultivated  plots  were 
dominated  by  opportunistic  spionid  worms.  During  the  following 
24  mo.  the  spionids  were  replaced  by  high  abundances  of  larger 
deposit  feeding  worm  species.  The  plastic  netting  also  became 
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Figure  1.  The  sequence  of  environmental  impiicls  thai  occur  throu^liout  Manila  clam  cullivallon  (.Spencer  et  al.  19%.  IW7,  IWXi.  A)  flam  plots 
covered  with  plastic  netting  become  fouled  with  alj-ae  and  increase  sedimentation  rate.  Kenular  liushandrv  is  required  to  remove  the  alyae.  Bl 
P'ouling  al);ae  attract  epii'aunal  species  such  as  Lilloriiui  lill<ireci.  which  a(;^reKate  beneath  the  nets.  C)  Once  the  clams  reach  marketable  si/.e  they 
are  harvested  by  suction  dredne  lea\inj;  a  depression  in  the  sediment  that  is  visible  I  mo  later.  1)1  I'he  harvested  site  seems  to  he  restored  .'  mo 
later,  althou)>h  differences  in  the  henthic  conununity  were  apparent  for  a  further  6  mo. 
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fouled  wilh  Eiueroinoipha  spp.,  which  hi  tiiin  atliiicled  gra/iiis: 
littorinid  snails  (Fig.  1 ). 

Hard-shcilcd  clams,  on-grow  n  in  plastic  bags  placed  directly  on 
the  sediment,  had  no  detectable  effects  on  the  betithic  inveitebiate 
population  found  in  the  sediment  between  the  bags  (Mojica  and 
Nelson  1993).  Although  Mojica  and  Nelson  (1993)  al.so  found  no 
differences  in  the  infauna  sampled  directly  beneath  clam  poches. 
they  expressed  caution  about  this  result  because  of  their  low  num- 
ber of  samples.  Recent  studies  b\  Chandrasekara  and  Frid  ( 19961 
and  Fletcher  and  Frid  (1996)  emphasise  how  repeated  trampling 
can  induce  localised  changes  in  invertebrate  and  plant  communi- 
ties on  tidetlats  and  rocky  clam  poches  they  expressed  caution 
about  this  result  due  to  their  low  number  of  samples. 

Relaid  mussels  lead  to  the  development  of  mussel  mud  beneath 
the  mussel  bed  as  the  filtration  and  feeding  activities  of  the  mus- 
sels increase  sedimentation  rate.  These  deposits  are  composed  of 
dead  shells,  silt,  and  pseudofeces  that  persist  in  excess  of  18  mo 
after  the  mussels  have  been  removed.  The  cohesive  nature  of  the 
mussel  mud  is  degraded  by  a  combination  of  bacterial  activity  and 
wave  erosion  (Davies  et  al.  1980). 

In  summary,  both  the  addition  of  gravel  or  shell  substrata,  the 
formation  of  mussel  mud  and  the  use  of  protective  netting  induces 
localized  change  in  benthic  community  composition.  However, 
while  netting  is  easily  removed  and  accumulated  sediment  is  rap- 
idly reworked  by  tidal  currents,  waves  and  bioturbatory  activity 
(Spencer  et  al.  1998).  the  addition  of  gravel  and  shell  material 
effectively  creates  a  new  habitat  leading  to  more  persistent 
changes  in  local  community  composition. 

Suspended  Raft  Cultivation 

Superficially,  suspended  rope  culture  of  bivalves  has  little  vi- 
sual effect  on  the  landscape.  However,  the  large  biomass  of  cul- 
tivated and  fouling  organisms  suspended  beneath  rafts  and  buoys 
has  a  major  effect  on  phytoplanktonic.  benthic,  and  hydrographic 
processes  in  close  proximity  to  the  cultivation  site.  Mussels  pro- 
vide a  complex  surface  area  on  which  dense  epifaunal  communi- 
ties consisting  of  over  100  species  can  develop  (Tenore  and 
Gonzalez  1976).  Small  portunid  crabs.  Pisidia  hmgicornis.  were 
found  to  be  abundant  among  fallen  mussels  beneath  rafts  in  the 
Spanish  rias.  These,  in  turn,  were  fed  upon  opportunistically  by 
several  fish  species  that  normally  consume  polychaete  worms  (Lo- 
pez-Jamar  et  al.  1984).  P.  longicomis  are  so  abundant  in  areas  of 
mussel  cultivation  that  their  larvae  dominate  (90%  of  the  biomass) 
the  zooplankton  community  normally  characterised  by  copepods 
(Alvarez-Ossorio  1977).  Mussels  excrete  high  levels  of  ammonia 
(Tenore  and  Gonzalez  1976),  which  promotes  high  levels  of  pro- 
ductivity in  algae  attached  to  mussel  lines,  that  is  equivalent  to 
algal  production  in  local  intertidal  systems  (Lapointe  et  al.  1981 1. 
So  great  is  the  productivity  associated  with  mussel  lines  in  the 
Spanish  rias.  that  Tenore  et  al.  (1982)  speculated  that  inshore 
fisheries  were  potentially  enhanced  by  the  bedload  transport  of 
organic  rich  sediment  into  coastal  areas. 

Cultivation  sites  that  are  well  flushed  by  tidal  currents,  as  in  the 
Spanish  Rias,  do  not  encourage  the  accumulation  of  pseudofaeces 
beneath  mussel  rafts  which  results  in  a  favourable  increase  in 
macrofaunal  biomass  (Rodhouse  and  Roden  1987).  The  relatively 
beneficial  effects  that  occur  in  the  Spanish  rias  contrast  sharply 
with  the  effects  observed  by  Dahlback  and  Gunnarsson  ( 1981 )  in 
Sweden.  They  demonstrated  organic  sedimentation  rates  of  2.4— 
3.1   g  organic  C  m""  d"'   beneath  mussel  longlines.  which  was 


twice  as  much  as  found  in  adjacent  uncultivated  areas.  This  ex- 
cessive organic  enrichment  was  associated  with  anoxic  sediment 
and  bacterial  mats  of  bacteria.  Reggialoa  spp..  developing  beneath 
the  longlines.  In  this  situation,  the  benthic  infauna  had  low  di\er- 
sity  and  biomass.  which  is  a  well  documented  response  to  polluted 
sites  (Pearson  and  Rosenberg  1978).  Similarly,  the  productivity  of 
den.sely  stocked  Japanese  oyster  grounds  was  detrimentally  af- 
fected by  the  generation  of  large  quantities  of  pseudofaeces  and 
high  filtration  rates  (Ito  and  Imai  I95.'i.  Kusuki  1977).  Pseu- 
dofaeces production  was  so  great  beneath  oyster  cultivation  rafts 
that  it  was  at  least  equivalent  to  natural  sources  of  sedimentation 
(Mariojouls  and  Kusuki  1987). 

HARVESTING 

Harvesting  of  subtidally  grown  species  occurs  using  towed 
dredges  or  suction  pumps,  the  effects  of  which  were  discussed 
earlier  and  are  well  reviewed  elsewhere  (Messieh  et  al.  1991.  Jones 
1992.  Dayton  et  al.  1995.  Jennings  and  Kaiser  1998). 

The  harvesting  of  trestle-grown  and  suspended  bivalves  has 
little,  if  any  effect  as  they  are  removed  without  interfering  directly 
with  the  environment.  In  contrast,  the  harvesting  of  intertidal  spe- 
cies that  are  cultivated  directly  on  or  in  the  substratum  requires 
various  means  of  mechanical  extraction. 

Physical  disturbance  of  intertidal  sediments  by  invasive  com- 
mercial bivalve  harvesting  activities  is  of  concern  to  fisheries  man- 
agers because  of  direct  effects  on  populations  of  target  species, 
causing  non-catch  mortality,  and  to  nature  conservationists  be- 
cause of  the  interference  with  the  feeding  behaviour  of  wading 
birds  (Goss-Custard  and  Verboven  1993,  Shepherd  and  Clark 
1994).  habitat  degradation  or  the  alteration  of  infaunal  invertebrate 
community  structure.  The  environmental  effects  of  harvesting 
natural  populafions  of  intertidal  and  shallow  sublittoral  bivalves 
has  received  considerable  attention  in  the  United  Kingdom  be- 
cause of  the  scale  and  intensity  of  operation,  particularly  with 
respect  to  tractor  and  suction  dredging  intertidally  for  cockles 
(Allen  1995.  Cotter  et  al.  1997.  Hall  and  Harding  1997).  It  is 
surprising  that  the  environmental  effects  of  cultivated  bivalve  har- 
vesting have  been  little  studied  to  date,  especially  as  clam  beds  can 
occupy  large  areas  of  the  intertidal  zone  with  individual  commer- 
cial plots  that  usually  measure  40  m"  or  greater. 

The  greatest  visible  effect  of  suction  dredging  or  mechanical 
raking  on  the  sediment  is  the  creation  of  depressions  or  trenches 
which  may  take  days  to  months  to  restore  depending  on  sediment 
type  and  location  (Dyrynda  and  Lewis  1995.  Hall  and  Harding 
1997).  These  trenches  may  encourage  larval  settlement  by  provid- 
ing an  environment  subject  to  lower  current  velocities  (Snelgrove 
and  Butman  1994).  However.  Thrush  et  al.  (1996)  report  that 
defaunated  sediments  become  destabilized,  leading  to  faunal  emi- 
gration, which  greatly  delayed  recolonization. 

Recolonisation  rate  is  likely  to  differ  between  habitat-types 
depending  on  a  combination  of  factors,  including  sediment  stabil- 
ity and  exposure  to  wave  action  and  currents.  In  addition,  the  scale 
of  disturbance  will  have  important  implications  for  recolonization 
rate  depending  whether  this  occurs  through  active/passive  move- 
ment of  adults  or  through  larval  recruitment  (Hall  and  Harding 
1997).  Most  studies  of  recolonization  rate  have  been  performed  on 
scales  of  <1  m",  which  do  not  equate  to  the  scale  of  commercial 
harvesting  practices.  However,  more  recent  studies  have  been  de- 
signed at  a  scale  appropriate  to  examine  the  effects  of  disturbance 
associated  with  commercial  harvesting  activities.  In  Hall  and  Har- 
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ding's  ( 1997)  study  of  shores  tractor  dredging  in  tlie  Solway  Firth, 
they  found  that  the  benthic  community  within  dredged  plots  was 
indistinguishable  only  3  mo  after  harvesting  regardless  of  the  scale 
of  disturbance,  which  ranged  from  223  m"  to  2025  m".  They 
emphasised  that  the  sum  total  of  disturbed  areas  on  a  sandflat 
subjected  to  commercial  harvesting  would  exceed  that  examined  in 
their  study,  but  that  it  would  be  patchily  distributed  and  unlikely  to 
extend  the  recovery  trajectory  much  further.  The  rapid  recovery  in 
the  Solway  Firth  was  attributed  to  large-scale  sediment  movements 
that  obliterated  their  treatment  effects  (Hall  and  Harding  1997).  In 
another,  similar  study  undertaken  at  a  commercial  Manila  clam 
farm  at  Whitstable  on  the  southeast  coast  of  England.  Kaiser  et  al. 
(1996)  found  that  the  infaunal  community  was  restored  within  7 
mo  after  suction  harvesting  clam  parks  (each  park.  40  m").  This 
site  had  an  underlying  sediment  of  cohensive  mud/clay  overlayed 
with  a  veneer  of  coarser  sediments.  Suction  dredging  removed  this 
veneer  leaving  the  mud/clay  exposed.  Tube  dwelling  polychaetes. 
such  as  Lanice  conchilega  and  Euclymene  lumbiicoides,  burrowed 
down  into  the  mud/clay  fraction  and  were  less  adversely  affected 
than  more  mobile  species  such  as  Macoma  balthica  and  Scoloplos 
arniiger.  which  were  found  in  the  coarser  overlying  sediment.  It  is 
likely  that  these  fauna  would  only  recolonise  harvested  areas  once 
this  veneer  of  coarse  sediment  had  been  restored.  Wave  action  is 
probably  the  main  agent  of  sediment  restoration  at  this  site  which 
is  exposed  to  prevailing  northeasterly  and  easterly  winds.  Spencer 
et  al.  (1998)  conducted  a  similar  experiment  in  the  River  Exe. 
Devon.  England.  This  site  was  much  more  sheltered  than  those 
studied  by  Hall  and  Harding  (1997)  and  Kaiser  et  al.  ( 1996)  and 
characterised  by  fine  muddy  sand.  Although  sediment  structure 
and  profile  was  restored  ?i  mo  after  suction  harvesting  (Fig.  1 ).  the 
benthic  community  was  not  fully  restored  until  9  to  12  nio  after 
harvesting  occuiTed  (Spencer  et  al.  1998). 

The  immediate  effects  of  suction  dredging  are.  not  suiprisingly, 
quite  severe,  as  the  entire  upper  layers  of  the  substratum  and  fauna 
are  removed.  In  some  fisheries,  bivalves  are  collected  by  hand  or 
mechanised  raking.  As  yet  unpublished  data  (Kaiser  and  Broad) 
suggests  that  the  composition  of  benthic  fauna  within  hand-raked 
plots  recovers  within  54  days  of  initial  disturbance.  Unlike  suction- 
dredging  techniques,  hand-raking  leaves  the  sediment  /;;  situ  and 
does  not  affect  all  the  animals  within  the  path  of  the  rake. 

Soft  sediments  recover  relatively  quickly  after  physical  distur- 
bance (but  see  Thrush  et  al.  1996  for  a  good  example  of  an  ex- 
ception). However,  disturbance  of  key  habitat  structures,  such  as 
hard  substrata  or  plants,  particularly  seagrasses,  are  likely  to  have 
much  more  severe  effects.  Seagrass  beds  are  highly  specialised 
habitats,  acting  as  nursery  grounds  for  juveniles  of  many  species 
and  they  are  important  for  the  productivity  of  coastal  areas.  The 
effects  of  anthorpogenic  disturbance  to  these  habitats  is  excellently 
reviewed  by  Short  and  Wyllie-Echeverria  (1996).  Fishers  gather- 
ing molluscs  in  the  intertidal  zone  may  cause  disturbance  as  they 
walk  across  substrata.  As  a  result,  they  suggested  the  use  of  re- 
stricted walkways  to  minimise  their  disturbance. 

MANAGEMENT  CONSIDERATIONS 

Seed  Collection 

Mechanical  methods  of  harvesting  bivalve  seed  have  the  po- 
tential to  modify  non-target  communities  associated  with  seed- 
beds. In  the  United  Kingdom,  mussel  seed  collection  is  managed 
by  issuing  licences  to  dredge  defined  areas  of  the  seabed  which 
will  constrain  the  limits  of  habitat  modification  that  may  occur  as 
a  result  of  harvesting.  Ovcrcxploilalion  oi'  seedbeds  in  The  Neth- 


erlands has  caused  declines  in  bird  populations  that  depend  upon 
this  food  resource  and  has  also  caused  a  decline  in  the  sustainable 
fishery,  such  that  mussel  seed  are  presently  imported  for  relaying. 
The  consequences  of  the  decline  of  mussel  stocks  for  other  key 
predators  of  mussels  such  as  green  crabs.  Carcinus  maenas.  and 
starfish.  Asterias  riibens.  is  unknown.  These  species  have  presum- 
ably switched  to  feeding  on  alternative  prey  species. 

The  use  of  spat  collectors  in  midwater  has  little,  if  any  second- 
ary effects  on  the  environment.  The  continuous  relaying  of  cultch, 
however,  leads  to  habitat  modification.  This  may  result  in  an  in- 
crease in  local  habitat  and  species  diversity  which  is  more  likely  to 
be  perceived  as  a  beneficial  rather  than  negative  effect.  However, 
any  negative  effects  that  might  arise  from  the  use  of  cultch  in  the 
coastal  zone  might  be  constrained  by  restricting  its  use  to  areas 
specially  designated  for  bivalve  cultivation. 

The  introduction  of  alien  species  is  generally  regarded  as  un- 
desirable and  their  potential  ecological  effects  are  now  well  known 
(Ludyanskiy  et  al.  1993.  Eno  1996.  Minchin  1996).  The  risk  of 
inadvertently  introducing  alien  species  with  shipments  of  bivalves 
and  via  other  vectors  such  as  ballast  water  can  be  significantly 
reduced  if  Codes  of  Practice  are  adopted  as  part  of  a  management 
plan,  such  as  that  produced  by  ICES  (Anonymous  1994.  Minchin 
1996).  Some  of  these  introduced  species  are  harmful  to  cultivated 
bivalves  (e.g.,  starfish,  green  crabs)  or  create  management  prob- 
lems (e.g.,  fouling  organisms). 

On-growing 

The  environmental  effects  of  mariculture  during  the  on- 
growing  stage  will  vary  according  to  the  nature  of  the  habitat  and 
the  scale  of  cultivation.  Problems  associated  with  eutrophication 
beneath  mussel  lines  are  ameliorated  in  situations  where  tidal  flow 
is  sufficient  to  disperse  particulate  matter  generated  by  the  mussels 
and  other  epibiota  (Tenore  et  al.  1982.  Rodhouse  and  Roden  19<S7). 
Most  of  the  documented  environmental  problems  seem  to  occur  in 
systems  where  water  exchange  is  restricted  (Castel  et  al.  1989, 
Bacher  et  al.  1991).  Whereas  small-scale  culture  seems  to  have 
only  very  limited  effects  on  local  benthic  communities  (Nugues  et 
al.  1996),  areas  of  intense  cultivation,  may  require  the  develop- 
ment of  energetic  models  to  help  manage  these  ecosystems  [e.g., 
oyster  cultivation  in  Marennes-Oleron  (Bacher  et  al.  1991  ).| 

Cultivation  sites  occupy  areas  of  the  intertidal  zone  that  may 
conflict  with  bird  feeding  or  roosting  sites.  However,  this  remains 
an  understudied  area,  and  is  only  likely  to  be  problematic  when 
cultivation  areas  occupy  significant  areas  of  the  available  feeding 
grounds.  Goss-Custard  and  Verboven  (1993)  reported  that  hus- 
bandry activities  associated  with  clam  cultivation  were  less  intru- 
sive than  recreational  activities  in  the  River  Exe. 

Harvesting 

In  Northern  Europe,  clam  harvesting  normally  occurs  in  early 
winter  when  the  clams  are  in  peak  condition  for  the  shellfish 
market.  This  coincides  with  decreasing  abundances  of  infauna.  and 
avoids  peak  recruitment  times  for  benthic  lar\ae.  Restricting  har- 
vesting to  early  winter  could  ameliorate  site  restoration  if  the  main 
mechanism  for  recolonisation  is  by  larval  settlement.  However, 
harvesting  during  the  summer  peak  in  abundance  would  be  best  for 
species  that  are  redistributed  through  active  or  passive  movement 
(Hall  and  Harding  1997).  Staggering  the  use  of  different  areas  of 
sediment  in  a  cycle  of  ctiltivation.  harvesting  and  restoration  could 
provide  an  elfeclive  means  of  limiting  environmental  dislurhance 
associated  with  inlcrlicial  bivalve  harvestinc  The  lensilh  of  lime 
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that  liar\ested  areas  vMHild  require  for  restoration  will  he  a  iLinction 
of  the  amount  of  natural  disturbance  experienced  ui  thai  environ- 
ment and  the  timing  of  harvesting  in  relation  to  lar\al  recruilmenl 
of  target  and  non-larget  species. 

Beneficial  Effects  nf  MaricuUure 

The  cuhi\ation  of  bivalves  can  be  a  method  ol  allc\ iallng  ad- 
verse environmental  impacts  arising  from  other  actixities  in  the 
coastal  zone.  For  e.xample,  intensive  fish  farming  has  undesirable 
environmental  impacts,  particularK  as  the  eflluents  are  highly  nu- 
trient enriched,  promoting  the  de\elopment  of  sometimes  high 
microalgal  populations,  some  of  which  are  toxic.  It  has  been  pro- 
posed that  integrated  fish/bivalve  mariculture  systems  can  amelio- 


rate this  effect,  as  the  bivalves  reduce  algal  densities  and  nutrients. 
which  are  effectively  removed  when  the  bivalve  product  is  har- 
vested (Foike  and  Kautsky  1989.  Shpigel  et  al.  1993).  It  has  also 
been  suggested  that  mussel  culture  can  be  a  means  of  removing 
excess  particulate-bound  nutrients  from  eutrophic  systems 
(Haamer  1996),  or  for  the  restoration  of  enclosed  water  masses 
which  are  polluted  (Russell  et  al.  1983).  Although  these  mussels 
are  unfit  for  human  consumption,  they  represent  a  cost-effective 
and  self  perpetuating  means  of  maintaining  water  quality. 
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ABSTRACT  In  Ihc  early  fall  of  1996.  a  bloom  of  the  toxie  dinoflagellate  Alexanclriwu  catcm-lla  occurred  in  a  fjord  in  the  southern 
part  of  Chile  that  resulted  in  very  high  levels  of  paralytic  shellfish  poisoning  IPSP)  toxicity  (up  to  1 13.259  jxg  of  STX  Eq/100  g)  in 
shellfish  in  this  area.  The  specific  toxicity  and  PSP-toxin  profiles  within  one  series  of  filter-feeding  bivalve  mollusc  {Aiilacomya  ater) 
and  two  carnivorous  gastropods  {Concholepiis  concholepas  and  Ar^ohuccinum  ranelUfonnes)  were  determined  in  whole  shellfish  or, 
in  the  case  of  the  gastropods,  separately  in  the  digestive  gland  and  foot  muscle  tissues  by  a  postcoluinn  derivatization  high-performance 
liquid  chromatography  method.  The  bivalve  A.  ater  contained  11  of  the  12  PSP-toxin  derivatives  analyzed.  Gonyautoxin  derivatives, 
mainly  GTX2  and  GTXl  and  also  GTX3,  GTX4.  and  GTX5.  were  responsible  for  86%  of  the  total  toxin  content.  Other  derivatives, 
present  in  les.ser  amounts,  included  neoSTX,  STX.  C 1 ,  C2,  and  C4.  The  highest  levels  of  toxicity  measured  in  A.  ater  occurred  25  days 
after  the  highest  cell  number  (3. 1  x  lO''  cells/L)  of  A.  catenella  were  observed  within  the  water  column,  and  high,  although  diminishing, 
levels  of  toxicity  persisted  in  the  bivalves  for  more  than  6  mo  after  the  dinoflagellate  bloom.  In  contrast,  the  carnivorous  gastropods 
achieved  their  highest  toxicity  about  5  mo  after  the  bloom.  In  both  cases,  the  toxicity  within  the  digestive  glands  far  exceeded  the  levels 
in  the  foot  muscle;  in  the  case  oi  A.  ranelliformes.  toxicity  in  the  latter  portion  was  almost  undetectable.  This  is  the  first  quantitative 
study  of  PSP-toxin  content  in  these  shellfish  in  this  part  of  the  world  and  shows  the  natural  accumulation  and  depuration  rates  of  PSP 
toxins  after  an  outstanding  outbreak  of  A.  catenella.  The  sequence  of  increasing  contamination  and  also  the  temporal  association 
between  the  three  native  molluscs  are  shown  and  discussed. 

KEY  WORDS:     PSP.  HPLC  toxin  profiles.  ,4.  catenella.  bivalve,  carnivorous  gastropods,  monitoring,  southern  Chile 

INTRODUCTION  Lembeye  1975.  Guzman  et  al.  1975b).  human  intoxication  due  to 

paralytic  shellfish  poisoning  (PSP)  has  been  known  for  over  a 
In  the  tjord  system  in  the  southern  part  of  Chile,  the  presence  century  in  this  part  of  South  America.  The  earliest  documentation 
of  paralytic  shellfish  toxins  had  been  associated  with  the  occur-  of  PSP  was  by  Segers  in  1908,  who  chronicled  the  intoxication  and 
rence  of  Ale.xandrium  catenella.  Here,  in  the  two  mo.st  austral  death  of  native  people  in  1886  as  the  result  of  mussel  consumption 
regions  of  the  country  (about  1,200  km  long),  of  mostly  unspoiled  in  the  Beagle  Channel.  Since  then,  this  phenomenon  has  been 
land  and  distant  from  cities  and  high  population  density,  named  confined  to  the  far  south  of  Chile,  from  49°S  to  south,  including 
Region  XIa  (43"45'00"  to  48°45'00"S)  and  Region  Xlla  the  Magellanic  fjords.  In  1992,  the  presence  of  A.  a(fc?if//«  was 
(48°45'00"  to  56°00'00"S),  one  of  the  highest  levels  of  natural  reported  for  the  first  time  at  the  entrance  of  the  Aysen  fjord  in 
bioaccumulation  of  PSP  toxins  by  shellfish  is  found.  To  prevent  Churrecue  Island,  45°26'S,  73°32'W  (Munoz  et  al.  1992).  Since 
PSP  intoxication  in  this  area,  shellfish  are  routinely  monitored  by  then,  in  this  area  now  inside  the  XIa  Region,  the  presence  of  PSP 
use  of  the  mouse  bioassay  in  both  regions.  A  shellfish  quarantine  toxins  has  been  reported  every  year,  showing  increasing  levels  of 
is  established  if  levels  exceed  80  |jLg  of  STX  Eq/100  g  of  tissue.  pSP  toxicity  annually  (Lagos  et  al.  1996).  During  the  Red  Tide 
Although  the  fir.st  recorded  incident  attributable  to  a  toxic  Monitoring  Program  carried  out  in  the  Xa  and  XIa  Regions  of 
bloom  of  A.  catenella  in  South  America  was  documented  in  the  Chile  (Grant  FIP  95-23B)  from  October  1995  to  December  1996, 
Magellan  Strait,  Clarence  Island.  Bell  Bay.  55'55'S.  7I"45'W)  in  we  had  the  chance  to  follow  a  very  toxic  bloom  of  A.  catenella  that 
1972  (Guzman  et  al.   1975a,  Lembeye  et  al.  1975,  Guzman  and      developed  in  one  of  the  XIa  Region  fjords,  Darwin  Channel,  Is- 

lotes  Smith,  45°28'00"S,  74"05'45"W. 

Traditionally,  only  filter-feeding  molluscs  that  concentrate 


*To  whom  correspondence  should  be  addressed:  Ne.stor  Lagos.  Lab.  Bio-  these  toxic  algae  are  considered  in  mtmitoring  programs  for  shell- 
quimica  de  Membrana.  Dept.  de  Fisiologi'a  y  Biofisica,  Facultad  de  Me-  fish  poisons;  however,  increasing  attention  is  being  paid  to  higher 
dicina,  Universidad  de  Chile.  Casilla  70005.  Correo  7.  Santiago.  Chile,        order  consumers  such  as  carnivorous  gastropods  and  crustaceans 
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because  of  their  accunuilalinii  capacity  tor  PSP  toxins  and  the 
increased  frequency  with  which  they  are  consumed  by  humans 
(Shumway  1993).  The  carnivorous  gastropods  Concluilepus  von- 
iliiilepas  and  Ari^ohiicciinini  ranelUformes  are  popular  domestic 
and  commercial  food  items  in  Chile. 

In  this  article,  we  report  a  comparative  analysis  of  PSP  toxins 
in  three  nu)lluscs.  one  bivalve  and  two  carnivorous  gastropods, 
during  a  high  toxicity  outbreak  by  A.  cah'iiella.  The  temporal 
progression  of  the  toxic  event,  including  the  natural  contamination 
and  depuration  of  molluscs,  was  analyzed,  and  for  the  first  time, 
the  total  toxicity  and  toxin  profiles  of  three  species  of  native  Chil- 
ean shellfish  that  were  affected  by  this  bloom  are  described. 

We  address  the  quantitative  aspects  of  PSP  toxins,  mainly  fo- 
cused in  the  foot  muscle  tissue  of  these  gastropods,  because  in 
both,  only  the  foot  muscle  tissue  is  used  for  human  consumption. 
Until  this  study,  only  semiquantitative  observations  of  the  PSP 
content,  by  use  of  the  mouse  bioassay,  had  been  done  in  these 
species,  i.e.,  this  is  the  first  quantitative  analysis  of  PSP  toxins  in 
these  molluscs.  In  the  past,  the  principal  impediments  to  analyze 
PSP  toxins  in  this  native  shellfish  in  Chile  were  the  lack  of  an 
uncomplicated,  reproducible  method  with  sufficient  sensitivity  to 
detect  the  picograin  quantities  and  the  analytical  standards  re- 
quired for  such  an  analysis.  Both  impediments  were  overcome  in 
this  study. 

MATERIALS  AND  METHODS 

Acetic  acid,  phosphoric  acid,  ammonium  hydroxide,  potassium 
hydroxide,  and  periodic  acid  were  purchased  from  Merck.  Tet- 
rabutyl  ammonium  and  1-heptanesulfonate  acid,  and  all  other  salt 
were  obtained  from  Sigma.  All  inorganic  salts,  reagents,  or  buffers 
were  analytical  reagent  grade.  The  solvents  such  as  methanol, 
acetonitrile,  and  water  were  high-performance  liquid  chromatog- 
raphy (HPLC)  grade  (Merck). 

Molluscs  were  collected  monthly  from  October  1993  to  De- 
cember 1996.  The  shellfish  analyzed  were  Aiilacoiiiya  aler.  a  bi- 
valve (native  name  "cholga"),  and  two  carnivorous  gastropods, 
Coiuluilepus  ("loco")  and  A.  ranelUformes  ("caracol  del  sur"  or 
"palo — palo").  All  are  endemic  to  southern  Chile. 

Samples  were  extracted  from  shellfish  tlesh.  as  described  for 
the  standard  mouse  bioassay  (Williams  1984).  After  boiling  for  3 
min  and  pH  adjustment  to  between  2  and  4,  the  extract  was  cen- 
trifuged  at  4,000  g  for  3  min  and  the  clear  supernatant  was  filtrated 
through  a  cartridge  column  (Sep-Pack  CIS,  Waters)  and  then 
through  a  U),()0()-nK)lecular-weight  cutoff  membrane  filter  (ul- 
trafree  C3GC,  Millipore).  A  sample  of  10  niL  of  the  filtrate  was 
analyzed  by  HPLC. 

Toxin  analysis  was  carried  out  by  HPLC  with  fluorescent  de- 
tection (FLD)  by  ion-pair  chromatography  with  postcolumn  de- 
rivatization,  as  described  previously  (Oshima  1993,  Lagos  et  al. 
1996).  Brietly,  a  silica-base  reversed-phase  column  (Prodigy  3  m 
C8,  4.6  X  150  mm;  Phenomenex,  CA)  and  the  following  three 
mobile  phases  (flow  rate,  0.7  mL/min)  were  u.sed  for  separation  of 
the  different  toxin  groups:  (1)1  mM  tetrabutyl  ammonium  phos- 
phate, pH  3.8  for  CI-C4  toxins;  (2)  2  mM  l-hcptanesulfi)nic  acid 
in  10  mM  ammonium  phosphate  buffer  (pH  7.1)  for  the  gonyau- 
loxni  group;  and  (3)  2  mM  1-heptanesulfonic  acid  in  30  mM 
ammonium  phosphate  buffer  (pH  7.1):acetonitrile  (100:3)  for  the 
saxiloxin's  group.  The  eluate  from  the  column  was  coiuinuously 
mixed  with  7  mM  periodic  acid  in  10  niM  potassium  phosphate 
buffer  (pH  9.0)  at  0.4  niL/uiin,  heated  at  63"C  by  passing  through 


a  Tetloii  tubnig  coil  (0.3  mm  inner  diameter,  10  m  long),  and  then 
mixed  with  300  mM  acetic  acid  at  0.3  mL/min  before  entering  the 
fluorescence  detector,  which  was  set  at  an  excitation  wavelength  of 
330  nm  and  an  emission  wavelength  of  390  nm.  For  HPLC.  a 
Shimadzu  LC-IOAD  liquid  chromatograph  apparatus,  with  a  sy- 
ringe-loading sample  injector  (Rheodine  77251)  and  an  on-line 
Shimadzu  RF-551  spectrotluorometric  detector,  was  used.  The 
(txidizing  reagent  and  the  acid  were  pumped  by  a  dual-head  pump 
(Model  SP-D-2302;  Nihon  Seimitsu  Kagaku  Co.,  Ltd).  Toxin  con- 
centrations were  determined  by  comparing  the  peak  areas  for  each 
toxin  with  those  of  the  standard;  the  calculation  was  done  with 
software  that  recorded  the  chromatograms  and  integrated  the  peak 
areas  (Workstation,  CLASS— CR 10,  Shimadzu).  PSP  toxin  stan- 
dards were  purified  from  highly  contaminated  shellfish  by  pre- 
parative HPLC.  Toxin  analytical  standards  were  calibrated  by  ni- 
trogen content  of  combustion  analysis  and  also  were  certified  by 
HPLC-FLD  in  calibration  with  Dr.  Oshima's  standards  (Tohoku 
University,  Sendai,  Japan). 

In  the  carnivorous  gastropods,  the  total  toxicity  and  the  toxic 
profiles  were  determined  separately  in  digestive  gland  and  foot 
muscle  tissues.  Total  toxicity  of  each  sample  was  calculated  using 
the  specific  toxicity  values  (MU/mmol)  determined  by  Oshima 
(1993). 

RESULTS  AND  DISCUSSION 

Samples  from  one  site  of  the  three  molluscs  and  phytoplankton 
(water  sample)  were  collected  monthly  from  October  1995  to  De- 
cember 1996.  Routine  monitoring  of  this  area  detected  a  toxic 
bloom  of  A.  catenelta  beginning  in  February.  The  outbreak  was 
localized  in  43°28'00"S.  74''03'45"W.  Darwin  Channel,  Islotes 
Smith  (Fig.  1 ).  No  human  intoxication  was  reported  because  of  the 
geographically  isolated  location  of  this  fjord. 

The  A.  catenella  bloom  lasted  for  about  I  mo  (Fig.  2).  On 
February  6.  151  cells/L  of  A.  catenella  were  observed  in  a  20-m- 
deep  integrated  water  column  sample.  The  maximum  obscr\ed 
number  oi  A.  catenella  cells  (31,376  cells/L)  in  the  water  column 
was  reached  a  month  later,  on  March  6.  No  discoloration  of  the 
water  was  observed.  On  March  29.  A.  catenella  practically  disap- 
peared from  the  water  column.  The  time  course  of  the  bloom  of  A. 
catenella  under  these  natural  conditions  was  similar  to  that  found 
under  cultured  conditions  (unpublished  data),  in  that  the  stationary 
phase  appeared  to  be  reached  at  about  Day  28. 

PSP  toxicity  (239  |j.g  of  STX  Eq/100  g)  in  the  bivalve  A.  aler 
was  first  detected  on  January  12,  when  the  microalgal  abundance 
in  the  water  column  was  low  (63  cells/L).  The  toxicity  of  the 
bivalve  reached  its  highest  level  on  March  29  ( 1 13,239  |xg  of  STX 
Eq/100  g).  PSP  toxicity  as  high  as  this  has  never  previously  been 
reported  from  Chilean  waters,  although  similarly  high  levels  have 
been  reported  from  this  part  of  southern  South  America.  In  1991 
and  1992,  Benavides  et  al.  (1995)  recorded  a  toxicity  (estimated  by 
mouse  bioassay)  of  127,200  |xg  of  STX  Eq/100  g  in  the  bivalve 
Mytilus  chilensis.  in  the  Argentinean  sector  of  Beagle  Channel, 
about  1,000  km  south  of  the  area  studied  in  this  article.  The  time 
lag  between  Ihe  highest  levels  of  toxin  contamination  observed  in 
A.  ater  and  the  highest  density  of  A.  catenella  was  25  days,  and  the 
bivalve  retained  high  levels  of  toxicity  for  up  to  6  mo  after  the 
peak  of  the  bloom  (Fig.  2). 

Of  the  12  PSP  toxins  analyzed,  A.  (j/cc  contained  I  1  of  them,  of 
which  the  gonyautoxins  were  responsible  for  Sb'^i  of  the  total 
loxicity  of  the  sample  (Fig.  3).  GTX2  was  the  most  ahundani  toxin. 


Accumulation  of  PSP  Toxins  in  A.  .\n:R 


69 


73°00' 


^_^   PUERTO 
,J      <    AISEN 


Figure  1.  Map  of  the  two  southern  regions  of  Chile.  SanipUng  location:  Darwin  Channel,  Islotes  Smith.  45  28'()(l"Lat.S,  74(l5'45"Long.W,  is 
marked  hv  a  circle. 
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Figure  2.  Temporal  relationship  between  the  outbreak  of  ,4.  ciilenella  and  the  total  toxicity  of  the  filter-feeder  bivalve  A.  ater  during  the  15  mo 
of  monitoring. 
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followed  by  GTXI.  GTX3,  GTX4.  and  GTX5.  Also  present,  in 
lesser  amounts  were  neoSTX.  STX,  dcSTX.  CI.  C2.  and  C4  (Fig. 
3).  This  profile  correlated  fairly  well  with  the  reported  average 
toxin  composition  of  mussels  (M.  chilensis]  collected  in  the  XIa 
Region  in  1994  (Lagos  et  al.  1996).  The  presence  of  significant 
amounts  of  GTX5  was  also  a  distinctive  feature  of  the  toxin  pro- 
files in  M.  chilensis  from  this  Xla  Region  at  this  time  (Lagos  et  al. 
1996). 

It  is  well  known  that  carnivorous  gastropods  feed  on  tllter 
feeders;  thus,  the  carnivores  accumulate  any  toxins  present  in  the 
prey  organism  (Shumway  1995).  Figure  4  shows  the  sequence  of 
increasing  contamination  and  also  the  temporal  association  be- 
tween the  three  molluscs  after  the  outbreak.  The  toxicity  within  the 
digestive  gland  and  foot  muscle  tissues  of  the  carnivorous  gastro- 
pods occurred  after  the  peak  of  toxicity  in  the  bivalve,  and  the 
toxin  content  of  the  gastropods  did  not  reach  very  high  levels 
within  the  bivalve  (Fig.  4).  The  bivalve  reached  its  highest  toxicity 
25  days  after  the  algal  bloom,  whereas  the  gastropods  reached  their 
maximum  toxicity  4-5  mo  after  the  peak  of  the  bloom.  Both  gas- 
tropods showed  very  much  higher  toxicity  in  the  digestive  gland 
than  in  the  foot  muscle  tissues.  On  June  28.  the  toxicity  of  C. 
concholepas  digestive  gland  was  9,164  |jLg  of  STX  Eq/100  g  at  a 
time  when  the  foot  muscle  tissue  contained  737  jjig  of  STX  Eq/100 
g.  Similarly,  the  highest  toxicity  of  A.  ranelUfonnes  digestive 
gland  (14,057  jig  of  STX  Eq/100  g)  occuired  when  the  levels 
within  the  foot  muscle  were  a  negligible  31  |xg  i.i'i  STX  Eq/100  g. 

Significant  levels  of  PSP  toxicity  (ranging  from  370  to  634  p,g 
of  STX  Eq/100  g)  were  detected  in  the  foot  muscle  tissue  of  C 
concholepas  between  October  1 995  and  January  1 996.  before  the 
A.  catenella  bloom  began  in  February  1996  (Fig.  4B).  These  data 
suggest  that  the  PSP  toxins  detected  in  the  muscle  tissue  of  C. 
concholepas  were  residues  from  a  previous  toxic  bloom  and  that 
the  gastropod  has  a  lower  depuration  rale  than  ihe  bivalve  A.  ater. 
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Figure  4.  Temporal  relationship  of  total  toxicity  between  the  three 
molluscs.  (Al  ,4.  ater  (total  meat):  (B)  C.  concholepas  (digestive  |I).] 
gland  and  foot  muscle  tissues  [Muse]);  (C)  A.  ranelliformes  (digestive 
gland  and  foot  muscle  tissues). 


in  wliich  no  toxicity  was  detected  during  the  same  period  (October 
to  December  1995;  Fig.  4A).  C.  concholepas  showed  a  constantly 
high  average  toxicity,  well  over  the  quarantine  level  in  the  foot 
muscle  tissue  (568  ±  143  jxg  of  STX  Eq/100  g)  throughout  the 
15-mo  monitoring  period  (Fig.  4B).  In  comparison,  the  foot  muscle 
tissue  of  A.  ranelliformes  showed  very  low  toxicity,  and  in  most 
samples,  no  PSP  toxins  were  detected  (Fig.  4C). 

Digestive  gland  samples  of  C.  concholepas  collected  between 
the  end  of  January  and  May  1996  had  complex  toxin  profiles, 
including  STX,  neoSTX,  GTX2/3,  GTXl/4,  and  GTX5  (Fig.  5A). 
These  samples  were  collected  during  and  after  the  toxic  A. 
catenella  bloom,  and  the  profiles  were  similar  to  those  observed  in 
A.  ater  (Fig.  3).  In  contrast,  the  profiles  of  samples  collected  before 
(October  to  November  19951  and  long  after  the  outbreak  (Novem- 
ber 1996)  showed  simple  profiles,  where  STX  and  neoSTX  were 
the  predominant  toxin  derivatives  (Fig.  5A).  All  of  the  toxin  pro- 
files in  the  muscle  tissue  of  C.  concholepas  were  coinposed  mainly 
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Figure  5.  Comparisons  of  PSP-toxin  profiles  of  C.  concholepas  in  digestive  gland  (A)  and  the  average  (±SD,  n  =  8  [niol  %])  neoSTX  and  STX 
contents  in  foot  muscle  collected  before  and  after  the  outbreak  (Bl. 
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of  SIX  and  neoSTX  (Fig.  5B);  both  toxins  were  around  99  mol  % 
of  the  PSP  toxin  content  in  each  foot  muscle  sample  (Fig.  5B). 
These  data  suggested  that  for  C.  cone  link- pas.  the  low  depuration 
rate  may  related  to  some  compartmentalization  of  PSP  toxins  ac- 
cording to  their  affinity  for  its  binding  site,  the  voltage-gated  Na* 
channel  in  the  foot  muscle  tissue.  Both  STX  and  neoSTX  were 
always  present  in  high  amounts  in  this  tissue  even  before  the 
outbreak;  they  are  the  toxins  with  the  highest  affinity  for  their 
receptor  (Moczydlowski  et  al.  I9S4.  Guo  et  al.  1987,  Strichartz  et 
al.  1995)  and  also  the  most  potent  in  their  toxic  effects  (Hall  et  al. 
1990). 

Thus  compartmentalization  is  clearly  shown  in  Figure  6,  where 
a  comparison  of  the  toxin  profiles  of  the  three  molluscs  obtained  at 
the  time  of  their  highest  toxicity  is  shown.  The  toxin  composition 
of  A.  liter  total  meat  and  the  digestive  gland  tissues  of  C.  conc- 
holepas  and  A.  ranellifiirmes  showed  similar  complex  toxin  pro- 
files, including  the  gonyautoxins  GTX2/3,  GTXl/4  and  GTX5, 


whereas  the  foot  muscle  tissue  samples  of  both  carnivores  showed 
mainly  the  more  toxic  STX  and  neoSTX  derivatives,  although  in 
negligible  amounts  in  the  case  of  A.  ranellifonnes. 

The  comparative  analysis  of  PSP  toxin  bioaccuniulalion  of  the 
three  molluscs,  after  the  high-toxicity  outbreak  produced  by  A. 
calenella.  showed  the  sequence  of  increasing  contamination  and 
also  the  temporal  association  between  them.  This  sequence  is 
mainly  seen  in  the  complexity  of  the  toxin  profiles  and  the  total 
toxicity  shown  by  the  digestive  gland  of  carnivores  at  the  time 
when  the  bivalve  showed  its  highest  toxicity,  suggesting  a  food 
chain  relationship  between  these  two  Chilean  native  carnivorous 
gastropods  and  the  filter-feeder  bivalve.  This  kind  of  relationship 
has  been  described  for  other  species  of  carnivorous  and  scavenging 
gastropods.  Whelks  and  other  species  of  carnivorous  snails  prey  on 
other  mollu.scs,  predominantly  filter-feeding  bivalves  such  as  mus- 
sels, scallops,  and  clams  (Shumway  1995). The  PSP  toxins  detected 
in  the  foot  muscle  tissue  of  C.  concholepas  previous  to  the  bloom 
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show  ih.il  (Ills  Miolliisi.'  has  a  lower  depuration  rate  than  the  bivalve, 
making  this  shelllish  a  dangerous  vector  of  PSP  toxins.  In  the  case 
of  ,4.  nmc'llijoniu's,  even  when  its  PSP-toxin  accunuilation  reached 
highest  toxicity  in  the  digestive  gland,  the  amount  in  the  foot 
muscle  tissue  was  always  lower  than  the  quarantine  level  and 
negligible  during  the  total  monitoring  period.  This  feature  makes 
this  carnivorous  snail  potentially  suitable  for  human  consumption 
during  PSP  closures,  considering  that  only  the  foot  muscle  tissue 
of  this  mollusc  is  cunently  consumed.  Finally,  this  article  gives 


evidence  supportmg  the  recommendation  to  pay  attention  to  higher 
order  consumers  such  as  carnivorous  gastropods  as  vectors  of  PSP 
toxins  and  to  include  them  in  surveillance  programs  (Shumway 
1995).  especially  in  this  southern  part  of  South  America. 
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ABSTRACT  An  important  new  disease  of  hard  clams  or  quahogs  (Mercenaria  mercenaria)  in  the  northeastern  United  States  appears 
to  he  caused  by  the  protist  described  as  QPX  (quahog  parasite  unknown).  Identification  of  the  factors  that  cause  or  promote  the  disease 
in  clams  and  development  of  diagnostic  methods,  as  well  as  characterization  of  the  life  cycle  of  the  parasite,  require  that  the  organism 
be  cultured  in  vitro.  Using  standard  tissue  culture  techniques,  we  report  here  the  long-term  propagation  and  in  vitro  life  cycle  of  QPX. 

KEY  WORDS:     QPX.  in  vitro  culture,  life  cycle,  proliferation,  hard  clam,  quahog.  Mercenaria  mercenaria 


INTRODUCTION 

III  1995,  a  protistan  parasite  was  found  to  be  associated  with 
high  mortalities  of  cultured  hard  clams,  Mercenaria  ineicenaria 
(quahogs),  from  clam  leases  in  Provincetown  and  Duxbury  Bays. 
MA.  Significant  mortalities,  anecdotally  reported  to  be  up  to  80% 
of  the  clam  population,  occurred  just  before  the  clams  reached 
harvest  size  (approximately  2  y)  in  some  years  (Smolowitz  et  al. 
1998).  Histologically,  the  pathogenic  organisms  appeared  to  be 
very  similar  to  the  Chytridiales  fungus  that  was  first  described  by 
Drinnan  and  Henderson  (1963)  when  it  was  found  in  moribund 
clams  from  Neguac.  New  Brunswick.  Canada.  Drinnan  and  Hen- 
derson ( 1963)  suggested  that  this  organism  was  a  true  parasite  and 
was  instrumental  in  the  observed  periodic  population  collapse  of 
hard  clams  in  the  New  Brunswick  area.  They  believed  that  this 
organism  was  directly  infective.  Whyte  et  al.  (1994)  reported  that 
a  similar  organism,  which  they  named  quahog  parasite  unknown 
(QPX).  was  responsible  for  high  mortalities  in  juvenile  and  adult 
hard  clams  in  a  shellfish  hatchery  on  Prince  Edward  Island  (PEI). 
Canada,  in  1989.  Whyte  et  al.  (1994)  suggested  that  QPX  was 
similar  to  the  Labyrinthuloides  and  Traustochytriales.  Both  are 
orders  in  the  phylum  Lcdmnthomorpha  in  the  subkingdom  Proto- 
zoa (Pokorny  198.'>)  but  were  previously  classified  in  the  phylum 
Labinthidomycota  of  the  kingdom  Pron.sta  (Porter  1990).  In  1996, 
QPX-like  organisms  were  identified  in  cultured  clams  from  three 
locations  along  the  eastern  seaside  shore  of  Virginia  (Ragone- 
Calvo  et  al.  1997.  L.  Ragone-Calvo  pers.  coinm.). 

Drinnan  and  Henderson  (1963)  recognized  the  need  to  culture 
the  QPX  parasite  but  produced  no  report  describing  culture  meth- 
ods. Whyte  et  al.  (1994)  were  able  to  isolate  QPX  cells  from 
infected  clams  in  the  PEI  hatchery.  When  placed  in  sterile  artificial 
seawater  with  antibiotics,  some  cells  produced  a  morula-like  struc- 
ture containing  daughter  cells  (probably  sporangia)  that  eventually 
developed  into  biflagellated.  uninucleate  stages.  Since  that  study, 
no  further  work  on  the  life  cycle  of  the  organism  has  been  accom- 
plished. Continuous  culture  of  the  organism  and  infectivity  studies 
using  cultured  organisms  have  not  been  accomplished.  Previous 
attempts  (Smolowitz  unpubl.)  to  culture  QPX-like  organisms  using 
methods  described  by  Whyte  et  al.  (1994)  and  others  (Vishniac 


1955,  Liebovitz  1963)  from  infected  Massachusetts  clams  have 
been  unsuccessful.  We  report  here  the  long-term  and  continuous  in 
vitro  culture,  propagation,  and  passage  of  QPX,  including  zoo- 
spore induction,  as  part  of  an  in  vitro  life  cycle. 

MATERIALS  AND  METHODS 

Presumptively  infected  clams  (M.  mercenaria)  were  obtained 
from  planted  flats  in  Provincetown  and  Duxbury,  MA,  and  main- 
tained in  isolated  aquaria  at  the  Haskin  Shellfish  Laboratory. 
Clams  were  shucked,  and  extensive  focal  swellings  or  nodules 
were  identified  in  the  mantle  edges  (Smolowitz  et  al.  1997).  Cells 
of  the  parasite  were  obtained  by  dissecting  areas  of  inflamed 
mantle  tissue  suspected  to  contain  the  protist  as  aseptically  as 
possible  with  a  stereo-dissecting  microscope.  Tissue  samples  thus 
obtained  were  transferred  to  a  deep  Maximov  slide,  rinsed  five 
times  in  sterile  seawater,  and  minced  into  l-mm''  pieces  with  a 
scalpel  blade.  Minced  tissue  samples  were  transferred  to  a  15-mL 
centrifuge  tube  containing  10  mL  of  sterile  seawater  and  antimi- 
crobics  (penicillin.  200  U/mL;  streptomycin.  0.2  mg/mL;  and  am- 
photericin B.  0.025  p-g/mL)  and  were  incubated  for  30  min  at  25°C 
under  ambient  air  conditions.  After  this  treatment,  the  seawater 
was  aspirated  and  replaced  with  culture  medium  consisting  of 
MEM  Eagle  (a  inodification,  Sigma  0644),  5.1  g/L;  CaCU  x 
2H,0,  1.82  g/L;  KCl.  0.68  g/L;  MgCL  x  6H,0.  4.36  g/L;  NaCl, 
24.26  g/L;  MgSO^  x  7H,0.  3. 16  g/L;  HEPES.  5  g/L;  glucose.  0.5 
g/L;  heat-inactivated  fetal  bovine  serum  (Hyclone),  10%  by  vol- 
ume; penicillin,  100  U/mL;  and  streptomycin,  0.1  mg/mL.  The  pH 
of  the  final  medium  was  adjusted  to  7.2  with  I  M  HCI  and  filter 
sterilized.  The  contents  of  each  centrifuge  tube  were  transferred  to 
a  25-cm-  T-flask  (Falcon)  and  incubated  at  25"C  under  ambient 
atmosphere.  After  the  initial  seeding  of  flasks,  the  medium  was 
exchanged  every  3—4  days  (50%)  and  cells  were  routinely  subcul- 
tured  over  a  period  of  6  mo.  Phase-contrast  microscopy  was  used 
to  routinely  monitor  the  cells  and  to  obtain  photomicrographs. 
Giemsa-stained  smears  of  the  QPX  organisms  cultured  in  MEM 
were  prepared  by  aspirating  0.2  mL  of  the  organism  in  culture 
media,  smearing  the  aspirate  on  a  slide,  drying  the  slide,  staining 
with  Giemsa  (Luna.  1968),  and  cover  slipping.  The  smears  were 
examined  with  a  BH-2  Olympus  microscope. 
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RESULTS 

The  clam  cells  comprising  the  infected  mantle  tissue  degener- 
ated within  10  days  after  the  seeding  of  the  culture  flasks  because 
the  growth  medium  did  not  support  clam  mantle  tissue.  However. 
QPX  cells  contained  within  the  mantle  tissue  appeared  to  thrive 
quite  well  in  this  medium  and  in  a  few  days  began  to  grow  and 
propagate,  ranging  in  size  from  5  to  120  (xm.  as  seen  in  Figure  1. 
QPX  thalli  were  enveloped  by  mucofilamentous  material  within 
degenerated  mantle  tissue  (Fig.  1 ).  Growth  and  maturation  of  the 
thalli  resulted  in  the  formation  of  sporangia  containing  many  veg- 
etative endospores  (Fig.  2).  When  the  sporangia  ruptured,  en- 
dospores  were  released  and  formed  thalli,  and  the  vegetative 
growth  aspect  of  the  //;  vitro  life  cycle  was  repeated  (Figs.  3  and 
4).  In  the  vegetative  state.  QPX  cells  appeared  to  be  separated  from 
each  other  by  a  clear  gel-like  substance.  Examination  of  Giemsa- 
stained  smears  from  MEM  cultures  showed  a  blue  mucoid  material 
surrounding  and  separating  the  QP.X  organisms.  If  the  growth 


medium  containing  sporangia  was  replaced  by  sterile  seawater. 
endospores  as  morulae-like  structures  adhered  to  the  bottom  of  the 
culture  flask  and  ectoplasmic  nets  became  evident  (Fig.  5).  Within 
1— f  days,  motile  zoospores  formed  from  the  adherent  endospores. 
Shortly  thereafter  (24  h),  the  zoospores  settled  and  became  adhered 
to  the  culture  vessel  (Figs.  6  and  7). 

As  noted,  the  formation,  motile  phase,  and  settlement  of  the 
zoospores  occurred  in  sterile  seawater.  After  settlement,  replace- 
ment of  the  seawater  with  growth  medium  resulted  in  the  vegeta- 
tive cycle  beginning  anew.  Figures  8-10  illustrate  typical  parasite 
cultures  and  microfllamentous  nets  surrounding  immature  thallis. 

DISCUSSION 

Using  modifled  MEM  and  sterile  seawater.  we  have  developed 
methods  for  continuously  culturing  in  vitni  QPX  cells  isolated 
from  infected  hard  clams.  Various  forms  of  the  parasite  as  iden- 
tified in  histological  sections  were  also  identified  in  vitro,  includ- 
ing  thalli   with   thick  cell   walls,   sporangia,  and  endospores. 
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Fij-ure  1.  QPX  thalli  (A)  in  degenerated  clam  niiinlle  tissue  (B).  Notice  muconianienlous  material  IC).  I'liase-conlrast  microscopy;  scale  bar.  50.0 

Figure  2.  Endospores  (Al  in  a  mature  .sporangium  (B).  Phase-contrast  microscopy,  scale  bar,  25.0  pm. 

Figure  3.  Rupture  of  mature  sporangium,  releasing  endospores  (A).  Phase-contrast  microscopy;  scale  bar.  50.0  pm. 

Figure  4.  Immature  tballi  alter  Ibe  rupture  of  a  sporangium  (A).  Phase-contrast  niicroscopv;  scale  bar,  25.0  pm. 
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Figure  5.  Immature  thalli  cultured  in  sterile  seawater  (A).  Notice  ectoplasmic  net  hyphae  (B).  Phase-contrast  microscopy,  scale  bar,  25.0  (im. 
Figures  6  and  7.  Motile  zoospores  (A)  originating  from  adhered  thalli  (morula).  Notice  ectoplasmic  net  (Bl.  Phase-contrast  microscopy;  scale  bar, 
25.0  pm. 


Zoospores  were  formed  from  endospores/young  thalli  when  spo- 
rangia were  placed  in  sterile  seawater.  QPX  organisms  examined 
by  Whyte  et  al.  (1992)  also  produced  zoospores  when  placed  in 
sterile  seawater.  Zoospores  have  not  been  identified  in  infected 
clam  tissue.  It  is  likely,  however,  that  zoospores  are  liberated  from 
the  sporangia  contained  in  the  clam  tissue  after  the  death  and 
disintegration  of  host  clam  tissue.  Additionally,  the  observation  of 
resumption  of  the  vegetative  cycle  after  placing  zoospores  back 
into  MEM  strongly  suggests  that  direct  infection  via  zoospores 
also  occurs  in  aquacultured  clams,  resulting  in  the  production  of 
tissue  vegetative  forms  in  live  clams. 

The  ectoplasmic  net,  a  characteristic  of  the  Labyrinthomor- 
phids,  is  composed  of  branching  units  of  cytoplasm  organized  into 
a  net.  In  some  species,  such  as  those  of  the  genus  Labyrinthida.  the 
cells  glide  within  the  larger  units,  and  in  other  species  iLcihyriii- 
tlndoides  spp.).  the  units  are  used  to  pull  or  push  the  cells  in 
generating  motility.  In  all  species,  the  nets  appear  to  be  involved  in 
the  absorption  of  nutrients  from  the  substrate.  The  ectoplasmic  net 
originates  from  one  or  more  cytoplasmic  organelle(s)  termed  a 
sagenogencuisome  (Pokomy  1985).  In  sterile  seawater.  presump- 
tive ectoplasmic  netlike  projections  were  associated  with  the  en- 
dospores/zoospores.  Interestingly,  this  netlike  material  was  not 


identified  in  foci  of  QPX-like  infections  in  clams  that  were  exam- 
ined either  at  a  light  or  an  electron  microscopic  level  (Smolowitz 
et  al.  1997)  or  in  cultures  of  QPX  in  MEM.  Sagenogenetosomes 
also  have  not  been  identified  in  QPX  observed  within  the  infected 
clam  tissue  foci  as  of  this  report  (Frank  Perkins,  pers.  comm.). 
However,  it  is  possible  that  sagenogenetosomes  are  present  in  the 
parasite's  vegetative  form  but  may  be  very  rare.  In  infected  clam 
tissues,  instead  of  an  ectoplasmic  net,  a  homogenous  mucofila- 
mentous  material  was  produced  by  the  parasites  (Smolowitz  et  al. 
1997).  Examination  of  Giemsa-stained  smears  of  parasite  cells 
cultured  in  MEM  showed  a  similar  mucofilamentous  material 
present  surrounding  the  thalli  and  sporangia.  Such  findings  are 
unusual  for  this  group  of  organisms  (Pokomy  1985). 

The  occurrence  of  inflammatory  nodules  and  swellings  in  in- 
fected clams  from  marine  waters  of  the  northeastern  United  States 
provided  rich  tissue  concentrations  of  the  parasite  from  which  in 
vitro  cultures  could  originate.  Culture  of  organisms  from  infected 
clams  in  other  locations  in  which  tissue  nodules  cannot  be  identi- 
fied will  require  additional  isolation  and  concentration  methods. 
However,  the  in  vitrn  culture  of  QPX  cells  isolated  from  tissues  of 
infected  clams  strongly  suggests  that  this  organism  is  the  primary 
infective  agent. 
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Figures  8-10.  Typical  QPX  organisms  in  growth  culture  medium.  Notice  iialos  of  varying  degree  that  compose  the  cell  wall.  Phase-contrast 
microscopy;  scale  bar,  25.0  (im. 


The  ability  to  produce  large  uncontaminated  cultures  of  QPX 
cells,  as  described  here,  will  provide  researchers  with  the  materials 
to  investigate  more  fully  the  many  aspects  of  QPX  disease  of  hard 
clams,  including  the  pathogenesis  of  QPX  disease  in  clams  and 
environmental  modulations  of  that  disease,  resistant  properties  of 
the  clam,  virulence  properties  of  the  QPX  organism  (especially 
production  of  the  mucofilamentous  net),  and  detailed  examination 
and  characterization  of  the  parasite.  It  is  not  known  what  pertur- 


bations in  in  vitro  culture  may  have  been  induced  in  the  observa- 
tions reported  in  this  study. 
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ABSTRACT  We  have  developed  a  novel  application  for  lipid-walled  microcapsules  (LWMs)  in  the  potential  control  of  sabellid 
infestations  in  abalone  aquaculture.  The  use  of  LWMs  takes  advantage  of  the  filter-feeding  nature  of  the  worms,  versus  the  herbivory 
of  the  host  abalone.  Initial  observations  indicated  that  the  pest  was  capable  of  feeding  on  particles  ranging  from  3-30  |xm  in  size. 
Lipid-ualled  microcapsules  were  prepared  using  different  combinations  of  lipids  (tristearin.  tripalmitin.  and  fish  oil)  to  encapsulate 
waler-ba.sed  solutions.  Feeding  experiments  using  worm-infested  shells  indicated  that  in  a  relatively  short  time  (30-60  min)  most  of 
the  worms  (SO-gS'/c )  fed  on  the  LWMs  and  that  large  numbers  of  LWMs  were  ingested.  Fecal  pellets  containing  LWMs  were  observed 
in  the  rectums  of  worms  within  15-30  min.  Feeding  efficiency  was  examined  using  different  concentrations  of  LWMs.  The  sabellid 
worm  was  an  efficient  feeder.  At  low  particle  densities  (2.6  x  lO"*  particles/niL).  66.7%  of  the  worms  had  eaten  modest  levels  of  LWMs. 
An  asymptote  in  particle  density  in  relation  to  feeding  occurred  at  2.6  x  10"^  particles/mL.  with  83%  of  the  worms  feeding  on  large 
numbers  of  particles.  In  separate  observations.  LWMs  composed  of  tripalmitin  and  fish  oil  were  observed  in  various  stages  of  digestion 
in  the  stomach,  rectum,  and  fecal  pellets  of  the  worms.  Microcapsules  were  also  observed  in  the  digestive  tract  of  mud  worms.  Polydora 
spp.  that  were  also  inhabiting  abalone  shell.  The  utility  of  LWMs  for  delivery  of  toxins  to  the  sabellid  pest  holds  much  promise  in 
ridding  the  industry  of  this  nuisance  species. 

KFA  WORDS:     Microcapsules,  abalone,  parasite,  pest,  sabellid.  liposomes 


INTRODUCTION 

An  introduced  sabellid  polychaete  has  become  a  serious  pest  of 
abalone  (Haliotis  spp.)  in  aquaculture  facilities  in  California,  USA. 
The  worm  causes  shell  deformations,  stunting  of  young  abalone  in 
growout  conditions,  and  detracts  from  the  aesthetics  of  the  live 
animals  for  export  markets  (Oakes  and  Fields  1996).  The  hermaph- 
roditic nature  of  the  worm,  coupled  with  its  short  generation  time, 
and  rampant  population  growth,  makes  it  a  serious  problem  for  the 
sale  of  contaminated  seed  stock,  and  parlays  into  a  threat  of  in- 
troductions into  foreign  facilities,  and  habitats  (Culver  and  Kuris  in 
press).  At  present,  two  treatments  have  been  used  with  little  suc- 
cess in  the  control  of  infestations:  lower  water  temperatures  with 
resultant  decreases  in  abalone  production,  and  hot  wax  dips  with 
considerable  losses  to  stock  (Oakes  et  al.  1995.  Oakes  and  Fields 
1996).  Hot  water  treatment  may.  however,  prove  useful  for  treating 
the  warm  water  species  of  abalone,  H.  corrugata,  and  H.  fulgens 
(Leighton  in  press).  Culturists  currently  hai^est  infested  stock  at 
suboptimal  sizes,  and  retail  infested  product  at  low  prices  as  an 
attempt  to  rid  their  facilities  of  the  sabellid.  and  recoup  losses  (B. 
HuUbrock.  pers.  comm.).  Aquaria  are  then  disinfected  with  fresh- 
water rinses  and  baths. 

The  sabellid  worm  has  recently  been  found  on  native  gastro- 
pods adjacent  to  certain  aquaculture  facilities  (Culver  and  Kuris  in 
press).  The  escape  of  the  worm,  and  its  potential  for  significant 
negative  impact  on  native  species,  has  led  to  the  suggestion  that  the 
industry  destroy  all  contaminated  stocks,  and  sterilize  infested  fa- 
cilities. This  action  may  have  dire  consequences  to  the  developing 


aquaculture  industry.  A  control  method  is,  therefore,  required  for 
immediate  implementation  against  the  worm. 

A  nondestructive  treatment  to  eradicate  the  sabellid  worms  is  a 
high  priority  to  the  nascent  aquaculture  industry.  We  have  inves- 
tigated a  lipid  encapsulation  technique  and  a  rapid  assay  that  have 
great  promise  for  use  against  the  sabellid  aquaculture  pest.  Our 
primary  objective  was  to  experimentally  evaluate  whether  worms 
would  feed  on  the  LWMs.  The  secondary  objective  was  to  under- 
take efficiency  trials  to  determine  the  relative  number  of  LWMs 
eaten  at  different  concentrations. 

METHODS 

Lipid-walled  Microcapsule  (LWM)  Production 

The  method  of  Langdon  ( 1 983 )  was  used  to  prepare  LWMs 
composed  of  tristearin,  or  tripalmitin  and  fish  oil.  In  brief,  lipids 
were  melted  at  80  to  90°C  and  combined  with  aqueous  core  ma- 
terials water  and  stains  in  a  ratio  of  2.86:1  (grams  lipid:  mL  core) 
(after  Villamar  and  Langdon  1993,  Buchal  and  Langdon,  1998). 
The  ratio  of  lipid  to  fish  oil  (Omega  3  fish  oil  concentrate.  Dale 
Alexander)  varied  as  a  percentage  as  100%  lipid,  80:20.  and  60:40 
(w:w).  A  primary  emulsion  was  formed  by  sonicating  (50%,  con- 
tinuous, 4-5  sec,  Fisher  50  Sonic  Dismembranator,  Pittsburg,  PA) 
the  mixture.  Polyvinyl  alcohol  (2%,  w:v)  was  added  (80-90°C)  to 
the  primary  emulsion,  and  a  secondary  emulsion  was  formed  by 
homogenization  (100%,  20  sec.  Tissue  Tearor,  Biospec  Products). 
The  resulting  suspension  of  LWMs  was  immediately  poured  into 
ice-cold  polyvinyl  alcohol  (100  mL)  and  solidified.  The  chilled 
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LWM  suspension  was  collected  on  a  glass  fiber  filter  (Whatman 
934-AH),  washed  with  ice-cold  distilled  water,  and  filtered  to  a 
wet  paste.  The  LWMs  were  refrigerated  and  stored  as  a  wet  paste. 
Most  LWMs  were  stained  to  saturation  with  Sudan  III  to  aid 
observations  of  feeding  and  digestion  (Buchal  and  Langdon  1998). 
Nile  Blue  Sulfate  (0.1%  NBS  in  distilled  water)  was  used  to  ex- 
amine fecal  pellets  of  worms  fed  LWMs.  The  NBS  counter-stained 
Sudan  Ill-labeled  lipids  that  had  been  converted  into  free  fatty 
acids,  hence,  indicating  digestion  of  the  contents  (George.  1952). 
FITC-labeled  (Anderson  and  Mora  1995)  or  Congo  Red  (0.4%  in 
water)-labeled  yeast  cells  were  also  used  to  observe  feeding  ac- 
tivity, but  only  LWMs  containing  100%  tristearin  were  quantified 
in  experiments. 


of  the  first  dilution  (to  make  estimated  densities  of  2.6  x  10"* 
particles/mL)  in  45  mL  seawater.  Shells  were  handled  as  described 
above,  and  pieces  were  placed  in  containers  with  the  above  con- 
centrations of  LWMs.  After  60  min.  the  fragments  were  removed 
and  processed  as  described  above.  A  hemocytometer  was  used  to 
estimate  the  number  of  LWMs  present  per  mL  of  seawater.  Some 
small  discrepancies  in  counts  between  dilutions  occurred  as  a  re- 
sult of  the  adherence  of  particles  to  the  pipetters.  Note  that  the 
LWMs  also  adhered  to  the  plastic  containers.  The  Feeding  Effi- 
ciency Experiment  was  replicated  four  times  with  20  whole  worms 
examined  per  treatment  per  replicate. 

RESULTS 


Feeding  Assessments 

Darkfield  microscopy  was  superior  to  brightfield  microscopy 
for  viewing  the  stained  LWMs  inside  worms.  Only  LWMs  com- 
posed of  100%  tristearin  were  used  for  the  feeding  experiments 
described  below.  To  assess  feeding,  a  semiquantitative  log  index 
was  used  for  counts  of  relative  numbers  of  LWMs  eaten  by  indi- 
vidual worms.  Because  the  sabellid  worms  were  translucent,  the 
stained  LWMs  were  quantified  from  different  regions  of  the  di- 
gestive tract.  The  log  index  consisted  of  four  steps:  0,  no  LWMs 
present:  1.  1-10  LWMs  present:  2.  1 1-100  LWMs  present:  3.  lOO-i- 
LWMs  present.  Particles  were  quantified  from  the  esophagus,  the 
post-esophagus,  the  stomach,  and  the  rectum.  All  experiments 
were  done  in  a  clean,  unfiltered  seawater  at  room  temperature. 

To  conserve  the  laboratory  stock  of  heavily  infested  abalone. 
only  fragments  of  shells  were  used  in  initial  trials.  Abalone  were 
maintained  at  16-18°C.  and  were  fed  kelp  regularly.  The  shells 
were  prepared  by  removing  the  abalone  with  a  spatula,  and 
washing  the  shell  twice  in  clean  seawater  to  remove  mucus.  The 
shells  were  then  gently  broken  into  pieces  with  a  hammer  and  a 
die  stamp.  After  30  min.  each  piece  was  assessed  for  the  num- 
ber of  active  crowns.  Large  (100-500  mnr).  heavily  infested 
pieces  (showing  at  least  75-100  active  crowns)  were  used  in  each 
replicate. 

The  Feeding  Experiment  consisted  of  exposing  worms  to  ap- 
proximately 1.6  X  10''  particles/ml  (0.2  gm  of  LWMs  composed  of 
100%  tristearin  in  50  mL  seawater)  in  small  (150  mL)  plastic 
beakers.  The  beakers  were  then  placed  on  a  shaker  (130  rpm)  and 
timed  for  15.30.  60.  1 20.  and  240  min.  A  hemocytometer  was  used 
to  estimate  densities  of  LWMs  through  time.  An  additional  trial 
consisted  of  replicates  of  six  small  ( 18-25  mm  shell  length)  aba- 
lone placed  in  suspensions  of  LWMs  for  240  min.  At  the  appro- 
priate time,  shell  fragments  were  removed  from  the  beaker,  rinsed 
in  clean  seawater,  and  placed  in  a  fingerbowl  of  clean  seawater. 
Live  abalone  were  processed  as  described  above.  Shell  fragments 
were  gently  broken  into  smaller  pieces,  and  whole  worms  were 
collected  in  wellslides  of  clean  seawater.  The  worms  were  then 
pipetted  onto  a  microslide.  covered  with  a  slip,  and  examined  with 
a  compound  microscope.  Whole  worms  were  easily  collected  and 
examined  in  this  fashion.  The  experiment  was  replicated  three 
times  with  20  whole  worms  examined  per  treatment  per  replicate. 

For  the  Feeding  Efficiency  Experiment,  worms  were  exposed 
to  different  concentrations  of  LWMs.  A  suspension  of  approxi- 
mately 2.6  X  10''  particles/mL  (0.2  gm  LWM  composed  of  100% 
tristearin  in  50  mL  seawater)  was  used.  Two  serial  dilutions  were 
made  using  5.0  mL  of  the  initial  solution  (to  make  estimated 
densities  of  2.6  x  10''  particles/mL)  in  45  mL  seawater,  and  5.0  mL 


Worms  avidly  ingested  heat-killed  yeast  preparations  (4-6  |j.m) 
and  LWMs  (mean  =  15  ±  6  jxm:  range.  3-30  p.m).  LWMs  con- 
structed entirely  of  tristearin  (mp  72°C  on  reheating)  were  not 
digestible.  Hence,  they  were  excellent  markers  for  studying  feed- 
ing and  retention  time  in  the  digestive  tract.  LWMs  constructed  of 
tripalmitin  (mp  66°C)  mixed  with  fish  oil  (80:20,  and  60:40)  were 
completely  or  panly  digested  by  the  worms:  fecal  pellets  contained 
digested  matter  and  partially  digested  LWMs  that  stained  posi- 
tively with  Nile  Blue  Sulfate.  (Fish  oil  was  used  to  lower  the 
melting  point  of  the  tripalmitin  to  improve  digestion.)  The  contents 
of  the  LWMs  (fluorochromes  and  various  stains)  made  of  tripal- 
mitin and  fish  oil  were  frequently  observed  staining  the  lining  of 
the  digestive  tract  of  the  worms.  Feeding  experiments  using 
LWMs  made  of  tripalmitin  and  fish  oil  (80:20  and  60:40)  were  not 
quantified.  These  LWMs  were  ingested,  but  they  were  digested 
and  processed  too  quickly  to  be  useful  in  our  ingestion  studies. 

The  initial  Feeding  Experiment  showed  that  65%  of  the  worms 
(n  =  60)  had  ingested  LWMs  within  15  min  of  exposure  (Fig.  1). 
By  60  min.  93%  of  the  worms  (n  =  60)  were  actively  feeding. 
After  240  min  (4  h).  95%  of  the  worms  (n  =  58)  had  fed.  At  1 .6 
X  10''  LWMs/mL.  the  asymptote  in  the  percentage  of  worms  feed- 
ing (95%)  was  reached  between  60  and  120  min. 

Worms  actively  processed  LWMs  through  their  digestive  tract. 
Indeed,  after  15  min,  several  worms  (23.3%)  had  LWMs  present  in 
the  rectum  (Fig.  2  and  3).  In  general,  though.  LWMs  were  pro- 
cessed to  the  rectum  more  slowly.  After  60  min.  65%  of  the  worms 
had  LWMs  developing  as  fecal  pellets  in  the  rectum.  After  240 
min.  80%  of  the  worms  had  large  numbers  of  LWMs  in  the  de- 
veloping fecal  pellet.  Whereas  the  asymptote  in  the  number  of 
particles  eaten  was  reached  between  60  and  120  min.  worms  at 
later  times  ( 120  and  240  min)  had  continued  to  ingest  large  num- 
bers of  LWMs.  Microcapsule  densities  in  suspension  were  not 
significantly  different  through  time  ( mean.  1 .6  ±  0.75  x  1 0''  LWMs 
SD.  n  =  3  replicate,s/h,  ANOVA). 

Live  abalone  generated  copious  mucous  strands  that  collected 
large  quantities  of  LWMs.  Changes  in  particle  densities  through 
time  were  not  examined  in  the  live  abalone  treatment.  At  the 
relatively  high  density  of  1.6  x  10''  particles/mL,  the  proportion  of 
worms  feeding,  and  the  number  of  particles  ingested  in  the  live 
abalone  treatment  were  not  significantly  different  from  those  in  the 
shell  fragments  (for  120  and  240  min)  (Figure  4:  Chi-square, 
d.f  =  5,  U.S.:  ANOVA,  d.f  =  5,354,  p  >  0.998,  Tukey's  HSD). 

The  Feeding  Efficiency  Experiment  indicated  that  the  sabellid 
worms  were  efficient  at  ingesting  LWMs  (Fig.  5).  At  the  lowest 
density  examined  in  this  study  (2.6  x  10"'  LWMs/mL,  a  level 
barely  quantifiable  with  a  hemocytometer),  66.77r  of  the  worms 
had  inszested  LWMs,  The  relative  number  ol  LWMs  inuested  was. 
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Figure  I.  Percentage  of  worms  feeding  and  rclati\e  number  of  LWMs  ingested  (logl  over  time  (mean  +  SE).  Data  from  three  replicates,  with 
independent  assessment  of  20  worms  per  replicate,  per  treatment.  Worms  were  exposed  to  approximately  1.6  million  particles/mL  (0.2  gm  LWMs 
in  50  ml.  seawater). 


however,  significantly  smaller  than  that  of  the  other  densities 
(Figs.  6and7)(ANOVA.  p<O.OOI.d.f.  =  2.  177.  Tukey's  HSD). 
The  two  higher  concentrations  showed  no  significant  differences 
between  percentage  of  worms  feeding  and  relative  number  of  par- 
ticles ingested.  There  were,  however,  noticeable  differences  in  the 
number  of  particles  present  in  the  different  portions  of  the  diges- 
tive tract  (Fig.  6  and  7). 

In  the  course  of  the  different  feeding  experiments,  several  mud 
worms,  Pohdora  spp.  were  observed  feeding  on  LWMs.  Mud 
worms  had  ingested  a  broad  size  range  of  microcapsules  (mean  = 
29  ±  19  SD  |j.m;  range,  5-80  p.m).  LWMs  made  of  tripalmitin  and 
fish  oil  were  observed  breaking  down  into  an  oily  bolus  in  the 
stomachs  of  several  worms. 

DISCUSSION 

The  sabellid  womi  has  been  a  pest  in  abalone  culture  for  at  least 
10  years  (Oakes  and  Fields  1996).  It  does  not  occur  as  a  native  in 
coastal  California.  Indeed,  it  is  a  native  of  South  Africa,  and  was 
presumably  imported  on  infested  shells  of  Halintis  inidiic.  the 


South  African  abalone  (Culver  and  Kuris  in  press).  Unfortunately, 
the  organism  has  yet  to  be  described;  hence,  it  remains  unnamed. 
At  present,  there  have  been  no  recommended  treatments  against 
the  worm.  Various  control  strategies  have  been  attempted  includ- 
ing hot  wax  dips,  and  cold  water  culture  (Oakes  et  al.  1995). 
Although  both  are  moderately  effective,  they  negatively  affect 
production  through  mortality  or  slowed  growth.  Hot  water  treat- 
ment has  shown  promising  results  in  killing  the  sabellid  pest  on 
warm  water  abalone  (Leighton.  in  press).  Unfortunately,  there  is 
no  prescribed  control  of  the  worm  for  the  red  abalone,  H.  rufe- 
scens.  other  than  destruction  of  contaminated  stock. 

Our  data  show  that  microencapsulated  LWMs  may  be  an  ex- 
cellent delivery  device  for  toxins  or  chemical  poisons  to  the  pest. 
The  sabellid  worms  ingested  large  quantities  of  LWMs  over  short 
time  periods;  and  digested  LWMs  were  present  in  the  feces. 
LWMs  or  other  microcapsules  have  se\eral  advantages  over  stan- 
dard applications  of  toxicants.  Primarily,  the  use  of  LWMs  takes 
advantage  of  the  filter-feeding  nature  of  the  worms,  and  should 
significantly  reduce,  if  not  nullify,  chemical  exposure  to  the  her- 
bivorous abalone.  In  addition,  applications  of  LWMs  may  be  re- 
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Figure  2.  Percentage  of  w  orms  and  location  of  capsules  in  the  digestive 
tract  over  time  (means,  error  bars  not  shown).  Data  are  from  three 
replicates  with  independent  assessment  of  20  worms  per  replicate  per 
treatment.  Worms  were  exposed  to  approximately  1.6  million  par- 
ticles/ml, (0.2  gms  in  50  mL  seawater). 
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Figure  i.  Relative  number  of  I, W.Ms  per  worm  and  their  location  in 
the  digestive  tract  over  time  (means,  error  bars  not  shown).  Data  are 
from  three  replicates  with  independent  assessment  of  20  worms  per 
replicate  per  treatment.  Worms  were  exposed  to  approximately  1.6 
million  particles/mL  (0.2  gms  LWM  in  50  ml,  seawater). 
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Shields  et  al. 
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Figure  4.  Percentage  of  \vorni.s  feeding  and  relative  number  of  LWMs 
ingested  (log)  (mean  +  SE)  in  treatments  with  and  without  live  abalone 
(4  h).  Data  from  three  replicates,  with  independent  assessment  of  2I( 
worms  per  replicate,  per  treatment.  Animals  were  exposed  to  approxi- 
mately 1.6  million  particles/mL  (0.2  gm  LWMs  in  50  niL  seawater). 
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Figure  6.  Percentage  of  worms  vtith  I.W.Ms  in  the  digestive  tract  in 
relation  to  particle  density  after  I  h  (means,  error  bars  not  shown). 
Data  are  from  three  replicates  with  independent  assessment  of  20 
worms  per  replicate  per  treatment. 


moved  from  large  raceways  via  large,  relatively  inexpensive,  ac- 
tivated charcoal  filters. 

Microcapsules  have  been  examined  for  use  in  the  culture  ot 
several  marine  invertebrates.  Most  notably,  various  formulations 
have  been  investigated  as  a  means  to  add  nutrient  supplements  to 
artificial  feeds  for  crustaceans  (Jones  1974;  Jones  et  al.  1979. 
1987;  Kanasawaetal.  1982;  Levineet  al.  1983),  and  bivalves  (e.g.. 
Gabbot  et  al.  1975;  Chu  et  al.  1982.  1987;  Kreeger  and  Landon 
1993.  1994).  Delivery  of  antibiotics  has  also  been  examined  (Tou- 
raki  et  al.  1995;  Langdon  and  Buchel,  1998).  However,  retention 
of  low  MW.  water-soluble  core  materials  has  been  an  ongoing 
issue  (Gabbott  et  al.  1975;  Chu  et  al.  1987;  Lopez-Alvarado  et  al. 
1994).  Indeed,  in  preliminary  efficacy  trials  with  encapsulated 
copper  sulfate,  sabellid  mortalities  were  not  significantly  different 
between  experimental  and  copper  sulfate  controls,  indicating  sig- 
nificant leakage  of  the  core  toxin  (Shields  et  al.  unpubl.).  JJence. 
the  technique  requires  some  refinement. 

Because  LWMs  can  be  constructed  with  a  fluorescent  core  or 
other  markers,  they  may  be  of  considerable  utility  to  ingestion  and 
assimilation  studies  of  invertebrates.  For  example.  Nereis  diversi- 
iolorhas  a  high  assimilation  rate  of  algae  at  1700  cells/niL,  but  has 
a  low  assimilation  rate  at  higher  cell  densities  (Vedel  and  Riis- 
gaaard  1993).  Sabella  peniciUus  has  a  high  ingestion  (filtration) 
rate  of  400  cells/mL  (Riisgaard  and  Ivarsson  1990).  With  both 
worms,  the  gut  capacity  was  probably  exceeded  at  the  higher  cell 


densities,  thus  lowering  the  filtration  rate  (Vedel  and  Riisgard 
1993).  Our  finding  microcapsules  in  the  digestive  tract  oi  Polydora 
spp.  indicates  that  the  LWMs  may  have  broad  applications  to  other 
polychaetes.  Nondigestible  LWMs  could  be  used  to  investigate  gut 
capacity  and  feeding,  whereas  digestible  LWMs  could  be  used  to 
examine  assimilation. 

In  conclusion,  encapsulation  of  materials  for  use  against  aqua- 
culture  pests  warrants  further  study.  Although  initial  efficacy  trials 
indicate  problems  with  leakage  of  small  molecules  (i.e..  CuS04) 
(Shields  et  al.  unpubl.),  improvements  should  resolve  the  problem. 
Inipitivements  will  include  the  use  of  less  toxic  reagents,  the  use  of 
large  molecular  weight,  or  lipid  soluble  compounds  such  as  iver- 
mectin, and  the  development  of  formulations  to  reduce  leakage, 
yet  retain  digestibility.  The  utility  of  LWMs  for  delivery  of  toxins 
to  the  sabellid  pest  holds  much  promise  in  ridding  the  industry  of 
this  nuisance  species. 
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Figure  5.  Percentage  of  worms  feeding  and  relative  number  of  par- 
ticles eaten  (log)  after  1  h  at  different  densities  of  LWMs  (mean  +  SE). 
Data  are  from  4  replicates  with  independent  assessment  of  20  worms 
per  replicate  per  treatment. 
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Figure  7.  Relative  number  of  LWMs  in  the  digestive  tract  in  relation 
to  particle  density  after  1  h  (means,  error  bars  not  shown).  Data  are 
from  three  replicates  with  independent  assessment  of  20  worms  per 
replicate  per  treatment. 
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ABSTRACT  Growth  and  siirvn al  ot  liatchery-reareiJ  juxcnilc  spoltod  hahylon,  Biilnimiui  aicotata,  were  assessed  for  7  mo.  Juveniles 
with  initial  mean  shell  length  of  15.0  ±  0.8  mm  (n  =  25)  were  held  in  a  nursery  culture  system  with  four  different  treatments:  two 
substrate  types  and  two  seawater  flow  rates.  Length  and  weight  measurements  of  individual  babylon  were  determined  monthly  among 
the  four  experimental  treatments,  and  the  average  monthly  growth  was  evaluated.  There  were  significant  differences  in  both  shell  and 
tissue  growth  rates  among  the  four  treatments  in  most  months  (p  <  0.05).  The  highest  growth  rales  occurred  in  the  treatment  with  sand 
substrate  and  flow-through  seawater.  whereas  the  lowest  growth  was  in  the  treatment  with  no  sand  substrate  and  static  seawater.  The 
iu\eniles  exhibited  no  growth  reduction  in  any  of  the  treatments  except  the  treatment  with  no  sand  substrate  and  static  seawater. 
Survival  exceeded  80'7f  for  all  treatments. 

KEY  WORDS:     gastropod,  Bal->ylonia  aieolata.  growth,  survival,  nursery  culture 


INTRODUCTION 

The  spotted  babylon.  Bahyloiiia  areolata  (Habe  1964),  known 
as  Hoy  Wan  in  Thailand,  is  a  marine  benthic  gastropod  (Neoi;as- 
tropoda:  Buccinidae)  that  lays  egg  capsules  on  muddy  sand  sub- 
strate, Planktonic  veligers  emerge  from  the  capsules  7  days  after 
deposition.  Postmetamorphic  individuals  are  benthic  and  motile 
and  spend  most  of  their  time  half-buried  in  the  sand.  These  juve- 
niles are  capable  of  significant  movement  when  offered  prey  or 
confronted  by  predators  (Munprasit  and  Wudthisin  1988.  Shan- 
mugaraj  et  al.  1994).  The  exposed  nature  of  spotted  babylon  make 
them  vulnerable  to  overfishing.  Harvests  have  declined,  creating 
chronic  market  shortages  of  larger  size  classes.  With  a  foreseeable 
increase  in  demand,  there  is  concern  about  sustaining  and  protect- 
ing natural  populations  and  preventing  overexploitation.  Thus, 
various  concentrated  efforts  are  needed  to  develop  sustained  uti- 
lization of  this  gastropod  fishery.  Knowledge  of  basic  laboratory- 
rearing  techniques  is  key  in  the  establishment  or  improvement  of 
commercially  cultured  gastropod  species.  Literature  on  B.  areolata 
is  scant  (Munprasit  and  Wudthisin  1988.  Singhagraiwan  et  al. 
1989).  although  Baiiylonia  spirata  and  related  species  have  been 
studied  in  India  and  Hong  Kong  (Thirumavalavan  1987.  Morton 
1990,  Shanmugaraj  et  al.  1994.  Raghunathan  et  al.  1994.  Patterson 
et  al.  1994.  Ayyakkannu  1994.  Patterson  et  al.  1995). 

Attention  has  been  focused  on  aquaculture  of  spotted  babylon 
as  a  means  of  preventing  overfishing  and  increasing  market  sup- 
ply. Fast  growth,  low  feed  costs,  year-around  breeding,  and  high 
piice  and  demand  suggest  that  this  mollusc  may  be  a  profitable 
aquaculture  species.  Chaitanawisuti  and  Kritsanapuntu  (1997) 
have  described  the  larval  and  early  juvenile  culture  of  this  species. 
This  study  was  aimed  at  evaluating  growth  and  survival  of  spotted 
babylon  juvenile.  B.  areohita.  in  four  nursery  culture  conditions. 

MATERIALS  AND  METHODS 

Experimeiitnl  ,1  ninuils 

Broodstiick  spotted  babylon  with  a  mean  shell  length  of  5.7  ± 
0.04  cm  were  obtained  from  the  coastal  fishing  grounds  of  Rayong 


Province,  on  the  Eastern  Gulf  of  Thailand.  The  broodstock  were 
conditioned  to  spawn  in  1.5  x  1.0  x  0.5  m  tanks  supplied  with 
tlow-through  seawater  (5  L/min).  Salinity  and  temperature  ranged 
from  26  to  29  ppt  and  from  28  to  30°C,  respectively.  A  10-cm 
layer  of  fine  sand  was  supplied  as  substrate  in  the  spawning  tanks. 
After  spawning,  egg  capsules  and  larvae  were  reared  to  metamor- 
phosis by  the  modified  methods  of  Munprasit  and  Wudthisin 
( 1988)  and  Chaitanawisuti  and  Kritsanapuntu  (1997).  Spotted  bab- 
ylon larvae  metamorphosed  18  days  after  fertilization  at  a  mean 
shell  length  of  1.520  ±  2.8  |xm  when  they  started  settling  on  the 
bottom  of  the  rearing  tanks.  Newly  settled  juveniles  were  then 
harvested  and  placed  in  nursery  tanks  for  rearing  until  reaching  the 
average  shell  length  of  15  mm.  at  which  time  they  were  used  for 
the  growth  experiments. 

Experimental  Nursery  Culture  Condition 

In  this  study,  the  spotted  babylon  were  held  in  nursery  tanks 
with  four  different  treatments — Treatment  1 :  sand  substrate  with 
tlow-through  seawater.  The  juveniles  were  reared  in  duplicate  con- 
crete tanks  of  1.5-m''  capacity  supplied  with  a  flow  through  of 
natural,  aerated  seawater  (5  L/min).  The  tank  bottom  was  covered 
by  a  10-cm  layer  of  fine  sand  substrate.  The  tank  bottom  and  sand 
were  cleaned  by  water  jet  and  sun  dried  at  monthly  intervals: 
Treatment  2:  no  sand  substrate  with  tlow-through  seawater.  This 
was  similar  to  the  first  treatment,  but  the  tank  bottom  had  no  sand 
substrate:  Treatment  3:  sand  substrate  with  static  seawater.  The 
juveniles  were  reared  in  duplicate  concrete  tanks  of  1.5-m''  capac- 
ity containing  filtered  ( 1  |xm  pore  size),  continuously  aerated  sea- 
water. The  tank  bottom  was  covered  by  a  10-cm  layer  of  fine  sand 
substrate.  Seawater  was  changed  twice  daily.  The  tank  bottom  and 
sand  were  cleaned  by  water  jet  and  sun  dried  at  monthly  intervals; 
Treatment  4:  no  sand  substrate  with  static  seawater.  This  was 
similar  to  the  third  treatment,  but  the  tank  bottom  had  no  sand 
substrate. 

Juvenile  Rearing 

The  juveniles,  with  an  average  shell  length  of  15  mm,  were 
reared  in  four  duplicate  nursery  culture  conditions  as  described 
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above  for  7  mo.  The  initial  stocking  density  was  100  indi\idiials 
per  nr  { 150  per  tank).  Juveniles  were  fed  lul  libitum  with  chopped 
carangid  fish  {Selaroides  leptolepis)  twice  daily  at  9:00  AM  and 
5:00  PM.  Growth  rates  were  assessed  by  measuring  change  in  shell 
length,  shell  width,  total  weight,  and  wet  tissue  weight  at  monthly 
intervals.  Mean  monthly  growth  rates  (G)  and  standard  deviations 
were  calculated  from  average  increments  in  shell  size  and  weight 
according  to  the  formula:  G  =  (W,  -  W,,)/(t|  -  t„),  where  W„  and 
W,  =  shell  size  or  weight  at  times  t,,  and  t,,  respectively.  The 
number  of  dead  individuals  was  recorded  in  each  tank  at  monthly 
intervals,  and  an  average  monthly  survival  rate  was  calculated. 

Statistical  Analysis 

All  statistical  analyses  were  performed  with  the  SPSS/PC+  Sta- 
tistical Package  for  the  Social  Sciences.  Differences  in  growth  and 
survival  of  all  treatments  were  determined  by  a  one-way  analysis 
of  variance  at  a  =  0.05  and  Tukey's  studentized  range  test  to 
determine  statistical  differences  among  treatments  in  length  and 
weight.  All  data  on  growth  rate  were  subjected  to  log  transforma- 
tion, and  percent  survival  data  were  arcsine  transformed  before 
statistical  analysis. 

RESULTS 

Growth  and  Survival  Assessments 

Growth  (Shell  Length  and  Width) 

The  average  monthly  instantaneous  growth  rates  in  shell  length 
and  width  of  juvenile  B.  areolata  did  not  differ  significantly  (p  > 
0.05)  throughout  a  period  of  7  mo  in  all  treatments,  but  growth 
patterns  were  similar  among  the  four  treatments  in  that  length- 
width  ratios  remained  fairly  constant  with  time  (Fig.  i ).  The  av- 
erage monthly  shell  length  and  width  increased  rapidly  for  the  first 
4  mo  and.  thereafter,  gradually  decreased.  Average  monthly 
growth  increiTients  in  shell  length  and  width  of  fi.  areolata  did  not 
differ  significantly  (p  >  0.05)  in  all  treatments.  The  greatest  growth 
increments  were  in  Treatment  1.  followed  by  Treatments  3.  2.  and 
4.  respectively.  Growth  increment  in  shell  length  ranged  from  3.65 
mm/mo  in  Treatment  1  to  2.49  mm/mo  for  Treatment  4  (Table  1 ). 
Shell  width  increments  ranged  from  2.41  mm/mo  in  Tieatment  1  to 
1.28  mnVmo  for  Treatment  4.  At  the  end  of  the  experiment,  the 
greatest  increase  in  shell  growth  was  obtained  in  Treatment  1 .  w  ith 
an  average  shell  length  and  width  of  42.08  ±  9.1  and  26.25  ±  6.1 
mm,  respectively.  The  smallest  overall  growth  was  in  Treatment  4. 
with  an  average  shell  length  and  width  of  35.21  ±  5.6  and  19.62  ± 
3.2  mm,  respectively.  The  final  mean  growth  in  shell  length  and 
width  of  spotted  babylon  in  Treatment  1  was  significantly  greater 
than  that  in  Treatment  4  (p  <  0.05)  but  did  not  differ  significantly 
from  that  in  Treatment  2  or  3  (Table  I). 

GroHth  (Weisht) 

The  average  monthly  instantaneous  growth  rates  in  total  weight 
and  wet  tissue  weight  of  juvenile  B.  arcoUila  did  not  differ  sig- 
nificantly (p  >  0.05)  throughout  a  period  of  7  mo  among  all  of  the 
treatments.  Growth  patterns  were  similar  among  the  four  treat- 
ments (Fig.  2).  The  average  monthly  growth  increments  increased 
over  the  first  4  mo  and.  thereafter,  gradually  decreased.  The  great- 
est growth  increments  were  in  Treatment  I,  followed  by  Treat- 
ments 3,  2,  and  4,  respectively.  Growth  increment  in  terms  of  total 
weight  ranged  from   1.53  g/mo  in  Treatment   1  to  0.70  g/mo  in 
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Figure  I,  Growths  in  shell  length  and  width  of  juvenile  B.  areolata 
reared  under  four  nursery  culture  conditions  over  7  mo.  Treatment  1, 
sand  substrate  +  tlowing  water:  Treatment  2,  no  sand  substrate  + 
flowing  water;  Treatment  3,  sand  substrate  +  static  water;  Treatment 
4,  no  sand  substrate  +  static  water. 

Treatment  4.  and  wet  tissue  weight  was  0.74  and  0.37  g/mo  in 
Treatments  1  and  4.  respectively.  Average  monthly  grov\th  incre- 
ments in  total  weight  and  wet  tissue  weight  of  B.  areolata  did  not 
differ  significantly  (p  >  0.05)  in  all  treatments.  The  greatest  in- 
crease in  weight  was  obtained  from  Treatment  1,  with  an  average 
total  weight  and  wet  tissue  weight  of  1 1.22  ±  5.7  and  5.57  ±  6.8  g, 
respectively.  The  smallest  was  in  Treatment  4.  with  an  average 
total  weight  and  wet  tissue  weight  of  5.74  ±  9.8  and  3.31  ±  5.2  g. 
respectively.  The  final  mean  growth  in  total  weight  and  wet  tissue 
weight  of  spotted  babylon  in  Treatment  1  was  significantly  greater 
than  that  in  Treatment  4  (p  <  0.05)  but  did  not  differ  significantly 
from  that  in  Treatment  2  or  3  (Table  1 ). 

Survival  Rales 

The  average  monthly  survival  of  juvenile  B.  areolata  did  not 
differ  significantly  (p  >  0.05)  through  the  culture  period  of  7  mo 
for  all  treatments.  Survival  patterns  were  similar  among  the  four 
treatments  (Fig.  3).  The  average  monthly  survival  gradually  de- 
creased over  the  first  4  ino.  and  thereafter,  no  mortality  took  place 
in  any  of  the  treatments.  The  average  monthly  percentages  were 
0.28  ±0.1.  1.42  ±  (1.2.  0.71  ±  0.2.  and  1.42  ±  0.347r  in  Treatments 
I.  2.  3.  and  4.  respectively.  The  final  mean  survival  of  spotted 
babylon  did  not  significantly  differ  (p  >  0.05)  among  the  four 
treatments  {Table  I ). 

Size  Distribution 

At  the  end  of  the  experiment,  the  harvested  animals  were 
graded  into  10-mm  size  intervals.  Treatments  1  and  3  showed  the 
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TABLE  1. 

Mean  growlli  and  survival  rates  of  Juvenile  H.  areolata  reared  under  the  four  nursery  culture  conditions;  there  were  no  si^niHcant 
differences  in  growth  and  survival  as  determined  by  analysis  of  variance. 


Nurserv  Culture  Conditions 


lirowth  Parameters 


Sand  Siihslrate. 
Flowing  Water 


No  Sand  Substrate, 
Flowing  Water 


Sand  Substrate, 
Static  Water 


No  Sand  Substrate, 
Static  Water 


Final  shell  length  (mm) 
Final  shell  width  (mm) 
Final  total  weight  (g) 
Final  shell  weight  (g) 
Final  tissue  meat  weight  (g) 
Final  survival  (%) 
Growth  rate  in  shell  length 

(mm/mo  I 
Growth  rate  in  shell  width 

(mm/mo) 
Growth  rate  in  wet  tissue  weight 

(g/mo) 
Growth  rate  in  total  weight 

(c/mo) 


42. OS 
26.24 
11.22 
5.27 
5.57 
97.0 

3.65 

2.41 

0.74 

1.5.^ 


36.50 

21.73 

6.81 

3.44 

3.84 

90.5 

2.83 

1.70 

0.58 

0.89 


40.27 
24.52 
10.27 
4.99 
5..54 
96.5 

3.38 

2.13 

0.76 

1.35 


35.21 
19.62 

5.74 
3.52 
3.31 
90.0 

2.49 

1.28 

0.37 

0.78 


most  uniform  growth  and  more  individuals  in  large  sizes.  Treat- 
ments 2  and  4  showed  irregular  and  largely  variable  growth  (Fig. 
4).  By  the  end  of  the  expenment,  the  large  size  classes  in  Treat- 
ments 1  and  3  were  40.0-50.0  mm  at  85  and  55%,  respectively.  In 
contrast,  in  Treatments  2  and  4.  the  largest  size  classes  were  35.0- 
40.0  mm  at  54  and  60%.  respectively. 

A.  Total  weight 
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Figure  2.  (Irowths  in  total  weight  and  wet  tissue  weight  of  juvenile  B. 
areolata  reared  under  four  nursery  culture  conditions  over  7  mo.  See 
legend  to  Figure  1  for  experimental  treatments. 


DISCUSSION 

In  this  study,  juvenile  spotted  babylon.  B.  areolata.  have  been 
successfully  reared  in  a  shore-based  nursery  system.  The  spotted 
babylon  are  capable  of  reaching  the  marketable  size  of  5-6  cm 
shell  length  in  7  mo  with  a  high  survival  rate.  The  best  nursery 
culture  method  tested  was  to  use  tanks  with  sand  substrate  and  free 
flowing  seawater.  It  is  suggested  that  water  flow  and  sand  substrate 
are  important  factors  for  spotted  babylon  growth  in  nursery  cul- 
ture. The  treatments  had  no  effect  on  the  survival  rate  of  the  test 
animals.  The  sand  substrate  may  play  an  important  role  in  the 
growth  and  survival  of  spotted  babylon.  The  effect  of  substrate 
could  be  manifested  in  numerous  ways.  The  presence  of  sand 
substrate  may  cause  a  reduction  of  stocking  density  (thinning  out) 
of  snails  in  the  rearing  tank  because  a  number  of  snails  can  bury  in 
sand  substrate,  thus  affecting  a  third  dimension  to  their  distribu- 
tion. Alternatively,  lack  of  substrate  may  induce  interactive  energy 
expenditures  by  individuals  similar  to  that  described  in  queen 
conch.  Strotnbus  gigas  (Siddal  1984).  Average  monthly  growth 
rates  of  B.  areolata  were  higher  than  those  of  the  spiral  babylon, 
B.  spirata.  and  the  giant  muricid  gastropod.  Chicoreus  ramosus. 


3  4 

Time  (month) 


-Treatment  1 


-  Treatment  2  ■ 


-Treatments  ■ 


-Treatment  4 


Figure  3.  Survival  rates  of  B.  areolata  in  tv\o  size  classes  at  the  end  of 
the  experiment,  reared  under  four  nursery  conditions.  See  legend  to 
Figure  1  for  experimental  treatments. 
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Figure  4.  Size  distribution  of  B.  areolata  in  two  size  classes  at  the  end 
of  the  experiment,  reared  under  four  nursery  conditions.  See  legend  to 
Figure  I  for  experimental  treatments. 

These  results  are  in  general  agreement  with  the  study  of  Raghu- 
nathan  at  al.  (1994),  who  reported  that  the  average  growth  rate  ol 
B.  spirata  was  increased  from  2.9-3.0  to  3.5-3.8  cm  in  shell  length 
and  from  6.5-7.8  to  11.1-14.1  g  in  total  weight  over  a  10-mo 
period.  Patterson  et  al.  ( 1995)  observed  an  average  growth  rate  tor 
B.  spiniki  fed  with  oyster  and  crab  1.2  and  0.05  g/day.  respec- 
tively, over  a  30-day  period.  In  contrast,  juveniles  of  C.  ramosii.s 
reared  in  concrete  raceways  averaged  2.6,  10.9,  9.2,  4.2.  and  1.1 
mm/mo  in  shell  length  at  ages  of  2,  4,  5,  8,  and  1 2  ino,  respectively 
(Nugranad  et  al.   1994).  Kraeuter  ct  al.  (1989)  reported  that  the 


average  growth  rate  of  knobbed  whelk,  Biisycon  carica,  for  the 
first  10  y  of  life  in  laboratory  conditions  was  14.4  tntWy.  Growth 
performance  of  juvenile  abalone,  Haliotis  tiihenuUilii.  was  im- 
proved by  grading  the  animals.  Growth  of  small  abalone  improved 
in  the  absence  of  larger  conspecifics.  The  choice  of  stocking  den- 
sity is  essentially  a  trade-off  between  maximum  growth,  optimal 
biomass  gain,  and  economic  considerations.  The  latter  may  dictate 
densities  that  would  result  in  a  net  reduction  in  growth,  but  a 
greater  reduction  in  overall  production  costs  (Mgaya  and  Mercer 
1995). 

This  study  showed  that  B.  areolata  may  be  an  anitnal  with 
aquaculture  potential.  It  exhibited  a  fast  growth,  enabling  market- 
able sizes  to  be  cultured  within  7  mo  with  a  simple  hatchery 
technology  for  larviculture  and  juvenile  growout.  Further  studies 
should  concentrate  on  improvement  of  the  culture  technt)logy  of 
this  series  for  higher  growth  and  production  of  juveniles  in  both 
nursery  and  growout  phases.  Additional  data  are  required  to  assess 
the  economic  feasibility  of  the  culture  of  this  species. 
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ONTOGENETIC  CHANGES  IN  SALINITY  AND  TEMPERATURE  TOLERANCE  IN  THE 
DOUGHBOY  SCALLOP,  MIMACHLAMYS  ASPERRIMA 


WAYNE  A.  O'CONNOR  AND  MICHAEL  P.  HEASMAN 
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Poll  Stephens  Researeh  Centre 

Sahinuimler  Bay.  NSW.  2316.  Anstralia 

ABSTRACT  Bnihryos  and  larvae  of  the  doughboy  scallop.  Miimiililamys  usperrima.  were  held  at  lemperatiires  in  the  range  from  9 
to  24°C  and  exposed  to  salinities  in  the  range  from  27.5  to  40  ppt.  At  each  stage  in  ontogeny,  salinity  optima  remained  constant  at  32.5 
ppt:  however,  optimal  temperatures  differed  and  there  were  significant  interactions  between  the  effects  of  salinity  and  temperature. 
Percent  development  of  eggs  to  D-veliger  stage  was  greatest  at  a  temperature  of  17°C.  whereas  mean  larval  survival  and  shell  length 
increase  were  greatest  at  21  and  24°C,  respectively.  Overall,  larvae  were  more  tolerant  of  extremes  in  both  salinity  and  temperature 
than  embryos.  Juvenile  (18  mm  shell  height)  and  maturing  (28  mm  shell  height)  M.  asperrima  held  at  temperatures  of  14  or  24°C  and 
exposed  to  salinities  in  the  range  of  15-40  ppt  grew  rapidly  at  24"C  but  exhibited  salinity  optima  (.32.5-35  ppt)  similar  to  those  at  the 
earlier  ontoaenetic  stages.  Maturing  scallops  were,  however,  less  tolerant  of  salinity  reductions  than  were  their  smaller  conspecitics. 
For  both  juvenile  and  maturing  M.  cisperrima.  initial  behavioral  responses,  such  as  byssogenesis.  provided  a  guide  to  longer  term 
growth  and  survival.  In  general,  salinity  and  temperature  optima  were  seen  as  reflecting  the  environmental  conditions  likely  to  be 
experienced  by  the  respective  ontogenetic  stages  within  Jervis  Bay.  However,  response  of  embryos  in  particular  to  reduced  temperature 
was  inconsistent  with  the  geographic  range  of  M.  asperrima  and  was  thought  to  reflect  either  genetic  differences  in  stocks  or 
preconditioning. 

KEY  WORDS:     salinity,  temperature,  tolerance,  ontogeny,  byssogenesis,  scallops 


INTRODUCTION 

Autecological  study  of  bivalves  has  clearly  demonstrated  that 
development,  growth,  and  survival  are  affected  by  physical  param- 
eters, in  particular,  temperature  and  salinity,  which  have  been  de- 
scribed as  "master  factors"  for  many  marine  organisms  (Kinne 
1964).  Accordingly,  the  effects  of  these  two  factors  have  been 
described  for  numerous  mollusc  species  including  many  pectinids. 
Temperature  directly  influences  metabolic  rate  and  survival  of 
scallops  (Nakanishi  1977.  Ventilla  1982,  Dame  1996)  and  indi- 
rectly influences  the  nutritional  environment  (Wallace  and  Rein- 
snes  1985,  Ito  1991).  Thus,  seasonal  temperature  regimens  criti- 
cally influence  the  siting  and  timing  of  hatchery,  farming,  and 
stock  enhancement  programs.  Similarly,  the  distribution  of  scal- 
lops is  clearly  limited  by  salinity,  with  most  scallops  living  in  fully 
saline  water  (Brand  1991).  In  many  cases,  such  as  Argopecten 
gibbiis  (Allen  and  Costello  1972),  Chlamys  opercularis  (Paul 
1980a),  and  Pecten  maxiimis  (Strand  et  al.  1993),  scallops  are  not 
tolerant  of  reduced  salinity  and  require  areas  of  relatively  high 
stable  salinity. 

Equally  important,  but  less  researched  are  the  synergistic  ef- 
fects of  temperature  and  salinity.  It  has  long  been  recognized  that 
the  effect  of  one  can  be  modified  by  the  other  and  that  there  is  a 
need  to  study  their  actions  concurrently  (Kinne  1964).  Interactions 
in  tolerance  to  salinity  and  temperature  have  been  demonstrated  in 
pectinids  (Paul  1980a.  Tettelbach  and  Rhodes  1981.  Mercaldo  and 
Rhodes  1982,  Hodgson  and  Bourne  1988,  Strand  et  al.  1993).  with 
extremes  in  one  factor  commonly  reducing  tolerance  to  variations 
in  the  other.  To  illustrate  this,  surface  contour  diagrams  are  useful 
and  have  been  used  to  visually  represent  the  responses  of  pectinids 
(Paul  1980a.  Tettelbach  and  Rhodes  1981,  Mercaldo  and  Rhodes 
1982),  Through  the  comparison  of  these  contour  diagrams,  onto- 
genetic changes  in  temperature  and  salinity  tolerance  are  also  eas- 
ily observed.  Tettelbach  and  Rhodes  (1981)  found  that  embryonic 
development  was  limited  to  a  narrow  range  of  temperature  and 
salinity,  whereas  larval  growth  and  survival  occur  over  a  wider 


range.  Similar  observations  have  been  made  on  Patinopecten  yes- 
soensis.  where  spat  were  less  tolerant  of  salinity  reductions  than 
adults  (Yamamoto  1956  cited  in  Brand  1991),  and  on  Pecten  fu- 
matiis.  where  temperature  optima  increased  during  the  early  stages 
of  ontogenetic  development  (Heasinan  et  al.  1996). 

Over  the  geographical  range  of  Mimaehlamys  asperrima 
(Lamarck,  1819).  mean  monthly  sea  temperatures  vary  from  mini- 
muin  winter  values  of  9-1 1°C  in  southern  Tasmania  (Hortle  and 
Cropp  1987)  to  maximum  summer  values  usually  in  the  range  of 
23-25°C  on  the  central  coast  of  New  South  Wales  (N.S.W.) 
(CSIRO  1994  unpubl.)  Although  there  is  some  conjecture  as  to  the 
northern  extent  of  the  species  range  on  both  the  eastern  and  west- 
em  Australian  coasts,  if  it  does  extend  to  Queensland  in  the  east 
(Lamprell  and  Whitehead  1992)  or  Shark  Bay  in  the  west  (Wells 
and  Bryce  1988),  even  greater  temperature  maxima  could  be  ex- 
pected. With  respect  to  salinity,  M.  asperrima  is  confined  to  areas 
of  relatively  high  and  stable  salinity.  Most  major  populations  have 
been  reported  in  coastal  waters  (e.g.,  Bass  Strait.  D'Entrecasteaux 
Channel.  St.  Vincent  Gulf)  or  embayments  in  which  freshwater 
intrusions  have  a  limited  effect  (e.g..  Port  Phillip  Bay.  Jervis  Bay). 

The  importance  of  temperature  and  salinity  and  their  interac- 
tions in  establishing  protocols  for  scallop  hatchery  production  and 
in  determining  the  optimal  timing  of  spat  availability  prompted  an 
investigation  of  tolerance  in  M.  asperrima.  Variation  in  tolerance 
according  to  ontogenetic  stage  was  also  investigated.  For  this  pur- 
pose, the  salinity  tolerance  of  hatchery-reared  juvenile  M.  asper- 
rima was  assessed  at  temperatures  approximating  the  minima  and 
maxima  encountered  in  Jervis  Bay  ( 14  and  24°C). 

METHODS 

All  M.  asperrima  embryos,  larvae,  and  juveniles  used  in  this 
study  were  progeny  of  broodstock  collected  from  Murrays  Beach. 
Jervis  Bay.  Broodstock  were  held  in  the  hatchery  at  14"C  in  sea- 
water  (33-35  ppt)  until  required,  usually  less  than  2  wk.  Spawn- 
ings were  conducted  by  methods  described  in  O'Connor  and  Heas- 
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man  (1995).  and  in  all  experiments,  the  progeny  from  a  minimum 
of  five  separate  pairs  of  adult  scallops  was  used.  Temperatures 
were  maintained  with  water  baths  fitted  with  thermostatically  con- 
trolled immersion  heaters,  all  housed  in  a  cool  room  held  at  a 
constant  air  temperature  of  9  ±  1°C.  Salinities  were  measured  with 
a  temperature/salinity  bridge  (Yeo-kal.  Sydney.  Australia)  and  ad- 
justed with  "Ocean  Nature-"  salt  mixture  (Aquasonics  Pty  Ltd. 
Inglebum.  Sydney.  NSW)  or  rainwater.  To  ensure  that  salinities 
were  not  altered  with  the  addition  of  microalgal  food,  algal  cells 
were  centrifuged  to  a  concentrate  before  D-veligers  and  spat  were 
fed  at  a  rate  of  5.000  cells/larvae  per  day  and  10''  algal  cells/mL 
per  day,  respectively.  All  seawater  in  this  study  was  passed 
through  l-|jim-pore-size  (nominal)  cartridge  filters  before  use.  Cul- 
tures of  embryos  and  veligers  were  static  and  nonaerated.  whereas 
juveniles  were  held  in  aerated  aquaria  for  both  acclimitization  and 
experimentation. 

Experiment  I:  Embryo  Salinity  and  Temperature  Tolerance 

Eggs  from  five  scallops  were  collected  separately  on  a  20-(j.m- 
pore-size  nylon  mesh  sieve  and  resuspended  in  1  L  of  seawater 
(18°C  ±  0.5°C,  35  ppt).  Each  batch  of  eggs  was  fertilized,  and  the 
suspension  was  mixed  thoroughly  with  a  perforated  polyvinyl 
chloride  plunger.  Zygote  number  in  each  batch  was  estimated  from 
four  replicate  1-mL  aliquots  sampled  while  inixing  and  examined 
on  a  Sedgwick  rafter  slide  at  lOOx  magnification.  Within  30  min 
of  spawning,  equal  numbers  of  zygotes  from  each  batch  were 
pooled  and  thoroughly  mixed  before  aliquots  of  4.5  mL  of  the 
suspension  (1.500  zygotes)  were  collected  with  an  adjustable  au- 
tomatic pipette  and  transfen'ed  to  30()-mL  food-grade  plastic  con- 
tainers. 

In  a  preliminary  experiment,  embryos  were  exposed  to  salini- 
ties from  0  to  40  ppt,  increasing  in  5-ppt  increments.  Development 
did  not  occur  at  salinities  of  25  ppt  or  less.  On  the  basis  of  this 
finding,  a  fully  orthogonal  experiment  was  designed,  in  which 
replicate  sets  of  four  300-mL  containers  were  maintained  at  one  of 
six  salinities  (27.5,  30,  32.5.  35.  37.5.  or  40  ppt)  and  one  of  five 
temperatures  (9.  14.  17.  21.  or  24°C).  Hypersaline  solutions  (37.5 
and  40  ppt)  were  generated  by  the  addition  of  artificial  sea  salt 
(Ocean  Nature*)  to  seawater  (35  ppt).  Hyposaline  solutions  (<35 
ppt)  were  generated  by  the  dilution  of  seawater  with  rainwater. 
D-veliger  larvae  can  be  observed  as  early  as  30  h  postfertilization 
(Krassoi  et  al.  1996).  although  the  rate  of  development  is  tempera- 
ture dependent  (Cragg  and  Crisp  1991);  thus,  replicates  were  al- 
lowed 56  h  before  sampling.  At  that  time,  the  seawater  in  each 
container  was  thoroughly  mixed  and  four  replicate  1 0-mL  samples 
were  taken  from  each  container.  The  number  of  zygotes  having 
developed  to  D-veliger  stage  in  each  sample  was  determined  by 
dispersing  each  sample  on  a  Petri  dish  and  counting  larvae  with  the 
aid  of  a  dissecting  microscope  (40x  magnification).  On  the  basis  of 
these  estimates,  D-veliger  yield  (the  percentage  of  eggs  reaching 
D-veliger  stage)  was  calculated. 

Before  the  commencement  of  Experiment  1.  it  was  realized  thai 
care  was  needed  in  the  selection  of  both  the  salt  and  the  diluent  for 
salinity  adjustment.  In  an  evaluation  of  hypersaline  solutions  for 
detaching  P.fumatus  spat  (Heasman  et  al.  1994).  it  had  been  noted 
that  the  choice  of  artificial  salt  mixture  for  salinity  increase  sig- 
nificantly affected  spat  response.  To  test  the  utility  of  Ocean  Na- 
ture® and  rainwater,  an  additional  treatment  was  added  in  which 
embryos  were  placed  in  .seawater  that  had  been  diluted  to  25  ppt 
with  rainwater,  before  being  returned  to  35  ppt  with  Ocean  Na- 


ture*. In  this  way.  embryos  were  exposed  to  both  the  diluent 
(rainwater)  and  the  salt  mixture  and  development  could  be  com- 
pared with  that  of  seawater. 

Experiment  2:  Veliger  Salinity  and  Temperature  Tolerance 

Batches  of  embryos  were  reared  in  1.000-L  polyethylene  tanks 
containing  seawater  (18°C,  35  ppt)  at  an  initial  stocking  density  of 
5  eggs/mL.  After  48  h,  the  tanks  were  drained  and  D-veligers  were 
retained  on  a  45-|xm-pore-size  screen.  D-veligers  were  resus- 
pended in  10  L  of  seawater.  and  their  numbers  were  estimated 
from  four  replicate  l-mL  samples  taken  while  the  suspension  was 
being  mixed  with  a  plunger. 

Three  replicate  Erlenmeyer  flasks,  filled  with  1011  niL  of  sea- 
water and  stocked  with  D-veligers  (5/mL).  were  held  at  each  of  the 
previously  tested  temperature  and  salinity  combinations  (see  Ex- 
periment 1 ).  Larvae  were  fed  daily  and  given  complete  water 
exchanges  every  second  day.  After  7  days,  the  larvae  were  col- 
lected on  mesh  sieves  and  resuspended  in  10  niL  of  a  seawater  and 
formalin  (2%  by  vol)  solution.  The  numbers  of  larvae  that  had 
survived  until  Day  7  in  each  replicate  were  counted  with  the  aid  of 
a  microscope  (40x  magnification),  and  where  possible,  the  growth 
(increase  in  shell  length  measured  parallel  to  the  hinge)  of  50 
larvae  from  each  replicate  was  determined.  In  replicates  where 
fewer  than  50  larvae  had  survived  until  Day  7.  all  surviving  larvae 
were  measured. 

Experiment  3:  Juvenile  Salinity  and  Temperature  Tolerance 

Two  groups  of  4S  hatchery-reared  M.  aspcrrinui  juveniles, 
comprising  small  (IN. 4  ±  0.7  mm  shell  height,  mean  ±  SE)  and 
larger  (28.8  ±  0.5  mm  shell  height,  mean  ±  SE)  scallops  were 
collected  and  cleaned  of  biofouling.  Macroscopic  inspection  of  the 
gonads  of  the  group  of  larger  scallops  indicated  that  they  had 
commenced  sexual  maturation.  Half  of  the  scallops  within  each 
group  were  selected  at  random  and  placed  in  14°C  seawater  to 
acclimatize  for  4  days.  The  remainder  were  in  seawater  at  24''C  for 
4  days'  acclimatization. 

Physical  limitations  restricted  the  number  of  temperatures 
tested  to  two.  and  so  14  ±  0.5  and  24  ±  0.5°C  were  chosen  because 
they  approximated  the  extremes  encountered  by  M.  aspcrrima  at 
the  site  of  broodstock  collection.  At  each  temperature,  four  repli- 
cate 8-L  aerated  aquaria  were  established  at  each  of  eight  salinities 
(15.  20.  25,  .30.  32.5.  35.  37.5.  and  40  ±  1  ppt)  generated  as  in 
Experiment  I.  Each  scallop  was  placed  in  an  individual  aquarium. 
Seawater  in  each  aquarium  was  drained  thrice  weekly  and  replaced 
with  fresh,  temperature-  and  salinity-equilibrated  seawater.  Tem- 
peratures and  salinities  were  monitored  daily  throughout  the  ex- 
periment to  ensure  that  they  did  not  vary  outside  the  prescribed 
ranges.  The  experiment  was  run  for  10  days,  during  which  survival 
was  monitored  daily  and  growth  (increase  in  shell  height)  was 
detennined  at  the  termination  of  the  experiment. 

Byssal  attachment  of  juveniles  to  the  walls  of  the  aquaria  was 
monitored  at  2,  4,  8,  and  24  h  poststocking.  On  each  occasion,  spat 
were  gently  pushed  with  an  artist's  brush  to  determine  if  byssal 
attachment  had  occurred. 

RESULTS 

Experiment  I:  limhryo  Salinity  and  Temperature  Tolerance 

Fertilized  eggs  placed  in  containers  at  9'  C  extruded  polar  bod- 
ies, but  development  then  ceased  irrespective  of  salinity.  The  high- 
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esl  peicciit  dc\clop[iieiU  Co  D-veliger  stage  OL'currcd  at  17  and 
2I°C  (Fig.  1).  At  17  C,  development  to  D-veliger  stage  occiined 
at  all  salinities  in  the  range  from  27.5  to  40  ppt  but  was  greatest  at 
32.5  ppt.  In  combination,  the  highest  mean  percent  development  to 
D-veliger  stage  (?<y'i:)  was  found  at  17"C  and  .^2.5  ppt. 

Percent  development  data  for  embryos  held  at  temperatures  in 
the  range  from  14  to  24°C  and  at  salinities  in  the  range  from  30.0 
to  37.5  ppt  were  arcsin  square  root  transformed  and  compared  by 
two-way  analysis  of  variance  (ANOVA).  Temperatures  and  salini- 
ties tested  outside  of  this  range  had  treatments  that  exhibited  no 
development  and  were  excluded  to  meet  requirements  for  homo- 
geneity of  variance  (initially.  Cochran's  C  =  0.197,  p  =  0.007; 
after  treatment  exclusion.  C  =  0.203.  p  =  0.9).  Within  this  range, 
both  temperature  and  salinity  significantly  affected  development 
and  there  was  a  significant  interaction  between  temperature  and 
salinity. 

Percent  development  data  for  embryos  held  in  seawater  or  a 
mixture  of  seawater  (35  ppt)  and  artificial  seawater  (35  ppt)  at 
temperatures  of  14.  17,  21.  or  24°C  were  arcsin  square  root  trans- 
fonned  and  analyzed  by  two-way  ANOVA.  Dexelopment  varied  in 
accordance  with  water  temperature  but  was  not  significantly  af- 
fected in  seawater/artificial  seawater  media. 

Experiment  2:  Veliger  Salinity  and  Temperature  Tolerance 

Larvae  survived  at  ail  temperature/salinity  comhmations,  with 
the  exception  of  the  extremes  in  salinity  (27.5  and  40  ppt)  at  the 
two  lower  temperatures  (9  and  14°C)  tested  (Fig.  2).  Maximum 
larval  survival  occurred  at  salinities  in  the  range  from  30  to  35  ppt 
and  at  temperatures  of  17  and  21°C.  The  highest  mean  survival  of 
70%  was  recorded  at  2I°C  and  32.5  ppt.  Larval  growth,  however, 
exhibited  a  different  pattern  (Fig.  3).  Growth  was  reduced  at  tem- 


Survlval  (%) 


>•  34 


ffi 
w 


Temperature  (°C) 

Figure  1.  The  effect  of  temperature  and  salinity  on  the  yield  of  M. 
asperrima  D-veligers.  Isopleths  indicate  the  percentage  of  eggs  devel- 
oping to  D-veliger  stage,  and  the  circle  indicates  the  point  of  maxlnuim 
recorded  yield. 
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Figure  2.  The  effect  of  temperature  and  salinity  on  the  numbers  of  A/. 
asperrima  larvae  surviving  to  Day  7  postfertilization.  Isopleths  indicate 
the  number  of  live  larvae  expressed  as  a  percentage  of  the  initial 
number  stocked,  and  the  circle  indicates  the  point  of  maximum  re- 
corded survival. 


peratures  of  17°C  or  less,  with  the  greatest  increases  in  larval 
length  occurring  in  the  range  from  21  to  24°C  at  salinities  of  32.5 
and  35  ppt.  The  highest  growth  recorded  in  this  trial  (33.5  |j.m)  was 
at  a  temperature/salinity  combination  of  24°C  and  32.5  ppt. 

Larval  growth  and  survival  at  various  temperatures  were  com- 
pared by  two-way  ANOVA.  Before  comparison,  survival  data 
were  arcsin  square  root  transformed  and  homogeneity  of  variance 
for  both  growth  and  survival  data  was  assessed  by  Cochran's  test 
(Winer  1971)  (C  =  0.196,  p  =  0.052  and  C  =  0.202.  p  =  0.042. 
respectively).  Unlike  the  previous  embryo  development  data,  het- 
erogeneity in  larval  survival  data  was  considered  to  be  minor,  and 
that  in  a  design  with  equal  sample  sizes,  two-way  ANOVA  was 
sufficiently  robust  to  deal  with  such  minor  departures  from  homo- 
geneity (see  Underwood  1997).  Temperature  and  salinity  signifi- 
candy  (p  <  0.05)  affected  both  growth  and  survival  of  larvae,  and 
there  were  significant  interactions  between  temperature  and  salin- 
ity in  both  cases. 

Experiment  3:  Juvenile  Salinity  and  Temperature  Tolerance 

Both  juvenile  and  maturing  juvenile  scallops  grew  more  rapidly 
when  held  at  24°C  than  at  14°C,  with  the  greatest  growth  incre- 
ments recorded  at  salinities  of  32.5  and  35  ppt  (Fig.  4a).  The 
greatest  absolute  growth  increments  at  either  I4"'C  or  24°C  were 
recorded  for  maturing  scallops  (0.7  and  1.5  mm.  respectively); 
however,  unlike  juveniles,  these  scallops  did  not  grow  or  survive 
at  any  salinities  of  30  ppt  or  less.  Some  juveniles  were  capable  of 
surviving  up  to  10  days  at  salinities  of  25  ppt,  whereas  both  sizes 
survived  at  30  ppt  (Fig.  4b).  There  were  no  observed  differences  in 
salinity  tolerance  of  either  juveniles  or  maturing  scallops  with 
respect  to  the  two  tested  temperatures  (Fig.  4b  and  c). 
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He;isman  et  al.  1996).  Both  embryos  and  larvae  of  M.  asperrima 
demonstrated  clear  responses  to  extremes  in  temperature.  At  low 
temperatures  (9-14°C),  little  to  no  embryonic  development  oc- 
curred and  both  larval  growth  and  survival  were  reduced.  At  el- 
evated temperatures,  embryonic  development  and  larval  survival 
were  reduced;  however,  the  increasing  distance  between  isopleths 
above  the  respective  optimal  temperatures  indicated  that  both  em- 
bryos and  larvae  were  more  tolerant  of  temperature  increases  than 
decreases.  The  optimum  for  embryonic  development  in  this  study 
(17°C)  was  similar  to  that  found  by  Krassoi  et  al.  (1996)  (18°C), 
beyond  which  they  observed  significant  increases  in  larval  abnor- 
malities. For  larval  growth,  the  optimal  range  began  at  20'  C  (Fig. 
3),  the  upper  limit  tor  optinial  larval  survival  (Fig.  2),  and  did  not 
decrease  with  temperature  increases  within  the  range  tested. 

Clear  ontogenetic  changes  in  temperature  optima  were  ob- 
served for  M.  asperrima.  Comparisons  of  embryonic  development 
(yield)  and  larval  survival  demonstrate  similar  temperature  optima. 
but  greater  tolerance  by  larvae.  Notably,  larvae  grew  rapidly  at 
elevated  temperatures  at  which  embryos  did  not  survive.  However, 
particular  care  should  be  taken  in  the  interpretation  of  embryonic 
temperature  tolerance  results.  The  narrow  tolerance  range  ob- 
served is  inconsistent  with  the  geographical  distribution  of  M. 
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Figure  3.  The  effect  of  temperature  and  salinitv  on  the  growth  of 
7-day-old  M.  asperrima  larvae.  Isopleths  Indicate  the  mean  increase  in 
shell  length  measured  parallel  to  the  hinge,  and  the  circle  indicates  the 
point  of  maximum  recorded  growth. 

Irrespective  of  the  size  of  juvenile  scallops  or  the  temperature 
at  which  they  were  held,  response  to  abrupt  salinity  reductions 
commonly  involved  a  short  period  of  swimming,  followed  by 
valve  gaping,  and  then  valve  closure.  In  general,  scallop  responses 
to  salinity  reductions  appeared  more  rapid  and  violent  than  did 
those  of  scallops  exposed  to  salinity  increases  of  similar  incre- 
ments. There  was  also  a  trend  for  responses  to  increase  in  intensity 
with  salinity  reductions  down  to  25  ppt;  however,  it  was  difficult 
to  discern  any  differences  between  responses  to  salinities  of  15  and 
20  ppt. 

The  time  taken  by  juveniles  to  bysally  attach  to  the  walls  of  the 
aquaria  retlected,  in  most  respects,  growth  and  survival  at  that 
particular  salinity/temperature  combination  (Fig.  5).  Attachment 
did  not  occur  at  salinities  lower  than  .^0  ppt  and  was  most  rapid  at 
32.5  and  35  ppt.  Within  the  range  from  30  to  40  ppt,  byssal 
attachment  commenced  most  rapidly  at  24"C,  with  some  scallops 
having  attached  within  2  h.  The  major  disparity  between  observa- 
tions of  byssal  attachment  and  growth  and  survival  data  occurred 
at  a  salinity  of  30  ppt.  Although  507r  of  1  S-mm  juveniles  and  75% 
of  28-mm  M.  asperrima  byssally  attached  to  aquaria  walls  (Fig.  5), 
they  did  not  survive  the  duration  of  the  trial  at  this  salinity/ 
temperature  combination  (Fig.  4). 

DISCUSSION 

Temperalure 

Temperature  is  a  key  variable  in  scallop  larval  rearing,  with 
demonstrable  effects  as  early  as  the  first  cleavage  stages  of  em- 
bryonic cell  division  (Zavarzeva  1981).  In  general,  low  tempera- 
tures reduce  growth  and  development  (Beaumont  and  Budd  19S2, 
Hodgson  and  Bourne  1988,  Heasman  et  al.  1996),  whereas  the 
high  temperature,  mortality  increases  (H^)dgson  and  Bourne  1988, 
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Figure  5.  Byssogenesis  of  M.  asperrima  over  24  h  when  held  at  .salini- 
ties within  the  range  from  3(1  to  4(t  ppt  at  a  temperatures  of  14  or  24C. 
Figures  in  each  graph  indicate  water  temperature  (  C),  scallop  size 
I  mm  I  and  test  salinities  (ppt  I. 

asperrima.  Spawning  in  southeastern  Tasmania  occurs  in  Septem- 
ber and  October  (Zacharin  1994),  when  water  temperatures  are  in 
the  range  from  10  to  14-'C  (Hortie  and  Cropp  1987).  At  these 
temperatures,  limited  embryonic  development  would  be  expected 
(Fig.  1).  This  suggests  that  there  are  either  genetic  differences  in 
tolerance  (and  possibly  optima)  across  the  species  range  or  the 
results  reflect  preconditioning.  Physiological  responses  of  organ- 
isms can  be  modified  by  their  thermal  history  (McLusky  197,^. 
Paul  1980b)  and.  in  this  case,  possibly  by  the  parental  history. 
Broodstock  (and  their  gametes)  used  here  were  held  at  18°C,  and 
thus,  temperature  shock  may  explain  poor  embryonic  development 
at  lower  temperatures.  However,  observations  in  the  hatchery  have 
indicated  that,  irrespective  of  the  parental   holding  iciiipcraturc 


( 14-22"C).  developnient  of  M.  asperrima  embryos  decreases  dra- 
matically at  temperatures  exceeding  20°C  (W.  A.  O'Connor  1993 
pers.  obs.).  Thus,  ontogenetic  changes  between  embryo  and  larval 
tolerances  still  exist. 

Salinity 

The  predominantly  coastal  distribution  of  M.  asperrima  is  re- 
flected in  salinity  tolerance  of  each  of  the  ontogenetic  stages 
tested.  Salinity  optima  remained  largely  static  at  approximately 
32.5  ppt.  irrespective  of  ontogeny.  Again,  this  is  consistent  with 
the  observations  of  embryos  by  Krassoi  et  al.  (1996),  who  found 
optimal  salinity  to  be  in  the  range  from  32  to  34  ppt,  with  increas- 
ing percent  abnormality  outside  of  this  range.  Salinity  tolerance, 
however,  tended  to  increase  with  ontogeny  from  embryo  to  larvae 
to  juvenile  stages,  only  to  decrease  at  the  onset  of  maturity.  The 
increase  in  tolerance  from  einbryo  to  larval  stages  has  often  been 
reported  in  bivalves  (Tettelbach  and  Rhodes  1981.  Dame  1996),  as 
has  a  subsequent  slight  decrease  in  tolerance  of  C.  opercidaris  with 
increasing  age  (Paul  1980b).  The  cause  for  the  latter  is  unknown, 
although  in  M.  asperrima.  it  may  retlect  an  additional  metabolic 
demand  due  to  the  onset  of  maturation  in  larger  juveniles. 

As  noted  earlier,  care  is  needed  in  the  use  of  salts  and  diluents 
used  for  salinity  adjustments.  Subsequent  to  this  research,  Krassoi 
(1995)  tested  a  number  of  salts  and  diluents  as  the  sole  media  for 
culture  and  found  Ocean  Nature*  and  Sydney  municipal  water  to 
be  unsuitable  for  the  development  of  M.  asperrima.  Larval  abnor- 
malities did  not  increase,  but  D-veliger  yields  were  reduced.  In  this 
study,  yields  of  D-veligers  were  not  significantly  reduced  when 
embryos  were  maintained  in  a  solution  of  approximately  72% 
seawater  and  28*^  artificial  seawater  (Ocean  Nature"  and  rainwa- 
ter). This  was  equivalent  to  the  ainount  of  salt  mixture  or  rainwater 
that  would  be  needed  to  either  raise  or  lower  the  salinity  by  10  ppt. 
Although  this  suggests  that  these  results  were  not  affected  by  the 
use  of  Ocean  Nature®  or  rainwater,  it  raises  the  question  "At  what 
concentration  were  yields  affected?"  and  reinforces  the  need  for 
care  when  using  artificial  media. 

Salinity  Temperature  Interaction 

As  reported  in  several  earlier  studies  with  pectinids  (Paul 
1980a,  Tettelbach  and  Rhodes  1981,  Mercaldo  and  Rhodes  1982, 
Hodgson  and  Bourne  1988,  Strand  et  al.  1993),  there  is  a  signifi- 
cant interaction  between  temperature  and  salinity  in  their  effects 
on  M.  asperrima.  In  general,  extremes  in  one  factor  reduce  toler- 
ance to  variations  in  the  other,  although  one  factor  can  influence 
responses  more  rapidly  than  the  other.  Tettelbach  and  Rhodes 
(1981)  concluded  that  temperature  appeared  to  hold  dominance 
over  salinity  ior  Argopeeten  irradiaiis  irradians.  because  deviation 
from  temperature  optima  caused  the  most  rapid  reductions  in 
growth.  This  conclusion  was  drawn  from  the  proximity  of  isop- 
leths  in  A.  irradians  surface  contour  diagrams;  however,  a  differ- 
ent pattern  was  observed  for  M.  asperrima.  Surface  contour  dia- 
grams of  M.  asperrima  embryo  yield  differ  little  with  respect  to  the 
separation  of  isopleths  along  temperature  or  salinity  axes  (Fig.  1 ), 
whereas  larval  growth  and  survival  were  more  sensitive  to  changes 
in  salinity  than  temperature.  This  sensitivity  is  reflected  in  the 
distribution  of  M.  asperrima.  which  occurs  in  areas  of  stable  sa- 
linity, but  across  a  broad  latitudinal  range  that  experiences  extreme 
temperature  differences  on  the  order  of  15°C  (i.e..  9-24°C). 

Ecological  and  Farming  Effects 

The  value  of  short-term  studies,  such  as  this,  in  which  envi- 
ronmental changes  are  often  abrupt,  is  open  to  conjecture.  Daven- 
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port  et  al.  (1975)  argued  that  such  changes  are  unlikely  to  be 
representative  of  those  encountered  in  the  natural  environment 
because  they  provide  little  opportunity  for  animals  to  acclimatize. 
However,  Paul  (1980b)  has  suggested  that  although  such  results 
are  likely  to  be  a  "severe"  indication  of  tolerance,  they  can  still  be 
of  particular  value  to  the  mariculturist.  Optima  derived  from  such 
studies  are  applicable  to  hatcheries  where  these  physicochemical 
parameters  are  controllable  and  can  be  applied  in  determining 
rearing  conditions  for  the  early  ontogenetic  stages  of  scallops. 
Similarly,  even  conservative  estimates  of  tolerance  are  of  value  in 
selecting  sites  for  nunsery  rearing  and  grow  out  of  scallops. 

Ontogenetic  changes  in  temperature  tolerance  of  M.  aspeniiiiti 
are  similar  to  those  previously  described  for  P.  fiimatus  (Heasman 
et  al.  1996),  with  a  tendency  for  increased  tolerance  and  higher 
temperature  optima  with  increasing  age.  These  changes  in  optima 
appear  to  be  reflected  in  the  reproductive  behavior  in  populations 
of  M.  aspenima  in  Jervis  Bay.  Peaks  in  reproductive  condition 
occur  in  late  winter  and  spring  (O'Connor  and  Heasman  1996), 
when  temperatures  are  increasing  and  generally  in  the  range  from 
16  to  19°C.  Gamete  release  at  this  time  would  increase  the  like- 
lihood of  embryos  experiencing  optimal  temperatures  of  about 
18°C  and  make  it  unlikely  that  they  would  encounter  supraoptimal 
temperatures  of  >20°C.  Larval  survival  would  also  be  expected  to 
be  at  its  greatest  toward  the  upper  end  of  this  temperature  range, 
although  larval  growth  rates  would  increase  if  temperatures  of 
20°C  were  reached.  Increases  in  water  temperature  with  the  onset 
of  summer  could  accelerate  the  later  stages  of  larval  growth  and 
promote  spat  growth.  In  these  experiments,  both  juvenile  and  ma- 
turing scallops  grew  well  at  the  approximate  upper  limit  of  tem- 
peratures in  Jervis  Bay  (24°C). 

Major  oceanographic  events  and  their  effects  on  temperature 
have  been  used  to  explain  recruitment  variation  in  two  Australa- 
sian pectinids.  Amusiiim  balhni  (Bemardi.  1861)  (JoU  1994,  Joll 
and  Caputi  1995)  and  P.  fiimatus  (Heasman  et  al.  1996).  In  the 
latter  case,  the  El  Nifio  Southern  Oscillation  (ENSO)  and  the  East 
Australian  Current,  along  with  the  hydrography  of  Jervis  Bay, 
were  thought  to  lead  to  periodic  temperature  regimens  in  which  the 
temperature  optima  for  P.  fiimatus  were  met.  The  scarcity  of  such 
regimens  was  suggested  as  a  factor  in  the  infrequent  nature  of 
significant  recruitment  of  P.  fiimatus.  Recruitment  of  M.  aspenima 
has  exhibited  annual  variations  that  reflect  those  seen  in  P.  fiimatus 
(W.  A.  O'Connor  1996  pers.  obs.):  however,  these  variations  have 
not  been  of  the  magnitude  observed  for  P.  fiimatus.  This  may  result 
from  the  extended  availability  of  reproductively  capable  M.  asper- 
rima  in  Jervis  Bay.  which  permits  the  exploitation  of  suitable 
temperature  regimens  whenever  they  arise.  In  addition,  embryos  of 
M.  aspenima  are  more  tolerant  of  elevated  temperature  than  are 
those  of  P.  fumatus,  for  which  temperatures  greater  than  18  C  led 
to  dramatic  reductions  in  development. 

On  the  basis  of  these  results,  fertilization,  incubation,  and  em- 
bryonic development  should  be  conducted  at  temperatures  in  the 
range  from  17  to  20°C.  Temperatures  for  larval  rearing  should  be 
increased  to  20-2 1  °C  to  maximize  growth  while  maintaining  high 
survival  (Figs.  2  and  3).  Juveniles  and  maturing  juveniles  grew 
well  at  24°C,  without  mortality,  indicating  that  ihcy  were  more 


tolerant  of  elevated  temperatures  than  were  larvae.  Of  the  tested 
salinities,  optima  remained  in  the  range  from  32.5  to  35  ppt  irre- 
spective of  ontogeny.  From  a  production  perspective,  salinity  op- 
tima are  unlikely  to  present  difficulties;  however,  the  seasonal 
timing  of  hatchery  rearing  is  in  some  cases  constrained.  Most 
hatcheries  can  heat  water;  however,  few  can  easily  cool  water.  At 
the  southern  extent  of  the  species  range  in  Tasmania,  water  will 
rarely  exceed  the  optima  for  embryonic  development,  but  at  Port 
Stephens  Research  Centre,  water  temperatures  can  reach  25°C 
during  the  summer  months.  Without  cooling,  water  suitable  for 
incubation  is  only  available  for  approximately  9  mo  a  year,  al- 
though these  months  include  the  peak  in  wild  stock  reproductive 
condition  and  would  permit  production  of  spat  in  time  for  a  spring/ 
summer  season  of  rapid  growth. 

Behavioral  Responses 

Behavioral  changes  have  been  found  to  be  a  useful  indicator  of 
physiocheniical  stressors  within  a  pectinid's  environment  (Daven- 
port et  al.  1975.  Roberts  1973  cited  in  Paul  1980b.  Heasman  et  al. 
1996).  Most  bivalves  close  their  valves  in  response  to  salinity 
change  to  allow  iso-osmotic  intracellular  regulation  to  commence 
(Hawkins  and  Bayne  1992);  however,  M.  asperriina  initially  re- 
spond in  a  manner  similar  to  that  oi  A.  irradians  (Duggan  1975) 
and  C.  opercidaris  (Paul  1980a),  by  swimming,  presumably  in  an 
attempt  to  escape  the  influence  of  the  irritant.  The  magnitude  of  the 
response  was  observed  to  give  some  indication  of  its  ultimate 
effects  on  growth  and  survival.  Within  several  hours,  further  in- 
dications of  the  suitability  of  environmental  conditions  can  be 
obtained  from  the  number  of  scallops  having  bysally  attached. 
Attachment  was  most  rapid  at  temperature/salinity  combinations  at 
which  high  growth  and  survival  occurred.  However,  in  common 
with  C.  opcnidaiis  (Paul  1980b).  byssal  attachment  also  occurred 
under  conditions  in  which  juveniles  did  not  survive.  At  salinities  of 
30  ppt,  juveniles  held  at  I4°C  survived,  whereas  those  at  24°C  did 
not.  Possibly,  the  demands  of  byssogenesis,  between  4  and  14%  of 
energy  budget  for  somatic  production  in  Chlamys  islandica  (Vahl 
1981),  in  conjunction  with  a  metabolic  rate  accelerated  by  in- 
creased temperature,  are  too  great.  Regardless,  behavioral  obser- 
vations provide  an  additional  tool  in  the  evaluation  of  potential 
culture  environments,  particularly  for  M.  aspenima.  which  con- 
tinues byssal  secretion  into  its  adulthood. 

In  summary,  ontogenetic  changes  in  M.  asperriina  tolerance  to 
both  temperature  and  salinity  were  evident,  as  was  an  interaction 
between  these  two  factors.  However,  although  the  temperature 
optima  increased  in  later  stages  of  development,  the  optimal  sa- 
linity for  all  developmental  stages  tested  remained  fixed.  In  gen- 
eral, behavioral  response,  including  byssogenesis.  pro\  ided  a 
guide  to  longer  term  growth  and  survival. 

ACKNOWLEDGMENTS 

The  authors  thank  Allen  Frazer,  Stephen  O'Connor,  and  Wayne 
Walker  for  assistance  with  this  research.  Thanks  are  also  due  to 
Geoff  Allan,  David  Stone,  Mark  Booth,  and  the  anonymous  ref- 
erees for  valuable  editorial  comments  and  assistance  during  prepa- 
ration of  the  manuscript. 


Allen,  D.  M.  &  T.  J.  Coslello.  1972.  The  (.alico  scallop.  Arfiopecten  kHjIius. 

N.O.A.A.  Tech.  Rep.  NMFS  S.SRF  656.  19  pp.  Miami.  PL.  USA. 
Beaumont,  A.  R.  &  M.  D.  Budd.   1982.  Delayed  growth  of  the  mussel 


LITERATURE  CITED 

(Mxiilus  ediilis)  and  scallop  Wn icn  iikimiiius)  veligcrs  al  low  Icmpera- 
lures.  Mar.  Biol.  71:97-100. 
Brand,  A.  R.  1991.  Scallop  ecology:  Distribulmn  and  hehavLour.  pp.  517- 


M.  ASPI.KKIMA.   SaI,INIIA  .  AND  TEMPERATURE  TOLERANCE 


95 


?S4.  In:  S.  E.  Shumway  (ed.).  Scallops;  Biology,  Ecology  and  Aqua- 
culture.  Developments  in  Aquacullure  and  Fisheries  Science,  vol.  21. 
Elsevier.  Amsterdam. 

Cragg.  S.  M.  &  D.  J.  Crisp.  1491.  The  biology  of  scallop  larvae,  pp.  V.'i- 
122.  In:  S.  E.  Shumway  (ed.l.  Scallops:  Biology.  Ecology  and  Aqua- 
culture.  Developments  in  .'kquaculture  and  Fisheries  Science,  vol.  21. 
Elsevier,  Amsterdam. 

Dame.  R.  F.  199(1.  Ecology  of  Marine  Bivalves:  An  Ecosystem  Approach. 
CRC  Press.  Boca  Raton.  FL.  254  pp. 

Davenport,  J..  L.  D.  Gruffydd  &  A.  R.  Beaumont.  197.'>.  An  apparatus  to 
supply  water  of  fluctuating  salinity,  and  its  use  in  the  study  of  the 
salinity  tolerance  of  the  larvae  of  the  scallop  Peclen  iiiaximns  L. ./.  Mar. 
Biol.  As.mc.  U.K.  55:391-409. 

Duggan.  W.  P.  197.'?.  Growth  and  survival  of  the  bay  scallop.  ArgD/H-cti'ii 
irnuiiaiis,  at  various  locations  in  the  water  column  and  at  various 
densities.  Proc.  Natl.  Shellfish  Assoc.  63:68-71. 

Hawkins,  A.  J.  S.  &  B.  L.  Bayne.  1992.  Physiological  interrelations,  and 
the  regulation  of  production,  pp.  171-222.  In:  E.  Gosling  (ed.).  The 
Mussel  Mytilus:  Ecology.  Physiology.  Genetics  and  Culture.  Elsevier. 
Amsterdam. 

Heasman.  M.  P.,  W.  A.  O'Connor  M.  asperrima  A.W.J.  Frazer.  1994. 
Detachment  of  commercial  scallop,  Pecten  fitmalus.  spat  from  settle- 
ment substrates.  Aquaciihiire.  123:401^07. 

Heasman.  M.  P.,  W.  A.  O'Connor  &  A.  W.  J.  Frazer.  1996.  Ontogenetic 
changes  in  optimal  rearing  temperatures  for  the  commercial  scallop. 
Peclen  fiimaliis  Reeve.  /  Shellfish  Res.  15:627-634. 

Hodgson.  C.  A.  &  N.  Bourne.  1988.  Effect  of  temperature  on  larval  de- 
velopment of  the  spiny  scallop.  Clilamys  hasiaia  Sowerby.  with  a  note 
on  metamorphosis.  J.  Shellfish  Res.  7:349-357. 

Hortle.  M.  E.  &  D.  A.  Cropp.  1987.  Settlement  of  the  commercial  .scallop 
Peclen  fiimatus  Reeve  1855.  on  artificial  collectors  in  eastern  Tasma- 
nia. Aquacullure.  66:79-95. 

Ito.  H.  1991.  Japan,  pp.  517-569.  In:  S.  E.  Shumway  led.).  Scallops:  Bi- 
ology. Ecology  and  Aquaculture.  Developments  in  Aquaculture  and 
Fisheries  Science,  vol.  21.  Elsevier.  Amsterdam. 

Joll.  L.  M.  1994.  Unusually  high  recruitment  in  the  Shark  Bay  scallop 
(Amusium  balloti)  fishery.  Mem.  Queensland  Museum.  36:351-356. 

Joll,  L.  M.  &  N.  Caputi.  1995.  Geographic  variation  in  the  reproductive 
cycle  of  the  saucer  scallop.  Amusium  balloii  (Bemardi,  1861)  (Mol- 
lusca:  Pectinidae),  along  the  Western  Australian  coast.  /  Mar.  Fresh- 
water Res.  46:779-792. 

Kinne.  O.  1964.  The  effects  of  temperature  and  salinity  on  marine  and 
brackish  water  animals.  II.  Salinity  and  temperature-salinity  combina- 
tions. Oceanogr.  Mar.  Biol.  Ann.  Rev.  2:281-339. 

Krassoi,  R.  1995.  Salinity  adjustment  of  effluents  for  use  with  Marine 
Bioassays:  Effects  on  the  larvae  of  the  doughboy  scallop  Chlamys 
asperrimus  and  the  Sydney  rock  oyster  Saccostrea  commercialis.  Aus- 
tralasian J.  Ecotoxicol.  1:143-148. 

Krassoi.  R..  D.  Everett  &  1.  Anderson.  1996.  Methods  for  Estimating 
Sublethal  To.xicity  of  Single  Compounds  and  Effluents  to  the  Dough- 


boy Scallop  Chlamys  asperrima  iMollusca:  Pectinidae)  (Lamarck). 
National  Pulp  Mills  Research  Program  Technical  Report  No.  18. 
CSIRO.  Canberra.  63  pp.  Dickson.  ACT.  Australia. 

Lamprell.  K.  &  T.  Whitehead.  1992.  Bivalves  of  Australia.  Crawford 
House,  Bathurst,  NSW,  Australia.  182  pp. 

McLusky,  D.  S.  1973.  The  effect  of  temperature  on  the  oxygen  consump- 
tion and  filtration  rate  of  Chlamys  iAeijuipeclen)  opercularis  (L.)  (Bi- 
valvia).  Ophelia.  10:114-154. 

Mercaldo,  R,  S.  &  E.  W.  Rhodes.  1982.  Influence  of  reduced  salinity  on  the 
Atlantic  bay  scallop  Argopeclen  irradiiuis  (Lamarck)  at  various  tem- 
peratures. J.  Shellfish  Res.  2:177-181. 

Nakanishi.  I.  1977.  Studies  of  the  effect  of  the  environment  on  the  heart 
rate  of  shellfishes.  1 .  effect  of  temperature,  salinity  and  hypoxia  on  the 
heart  rate  of  scallops.  Bull.  Hokkaido  Reg.  Fish.  Res.  Lab.  42:65-73. 

O'Connor.  W.  A.  &  M.  P.  Heasman.  1995.  Spawning  induction  and  fer- 
tilisation in  the  doughboy  scallop  Chlamys  (Miiiicuiilamys)  asperrima. 
Aquaculture.  136:117-129. 

O'Connor,  W.  A.  &  M.  P.  Heasman.  1996.  Reproductive  condition  in  the 
doughboy  scallop  Chlamys  (Mimachlamys)  asperrima  Lamarck  in 
Jervis  Bay.  Australia.  /  Shellfish  Res.  15:237-244. 

Paul,  J.  D.  1980a.  Salinity-temperature  relationships  in  the  queen  scallop 
Chlamys  opercularis.  Mar.  Biol.  56:295-300. 

Paul.  J.  D.  1980b.  Upper  temperature  tolerance  and  the  effects  of  tempera- 
ture on  byssus  attachment  in  the  queen  scallop  Chlamys  opercularis 
(L.).  J.  Exp.  Mar.  Biol.  Ecol.  46:41-50. 

Strand.  0..  P.  T.  Solberg.  K.  K.  Andersen  &  T.  Magnesen.  1993.  Salinity 
tolerance  of  juvenile  scallops  {Pecten  maxinms)  at  low  temperature. 
Aquaculture.  115:169-179. 

Tettelbach,  S.  T.  &  E.  W.  Rhodes.  1981.  Combined  effects  of  temperature 
and  salinity  on  embryos  and  larvae  of  the  northern  bay  scallop  Ar- 
gopeclen irradians  irradians.  Mar.  Biol.  63:249-256. 

Underwood,  A.J.  1997.  Experiments  in  Ecology.  Cambridge  University 
Press,  Cambridge,  United  Kingdom.  504  pp. 

Vahl,  O.  1981.  Energy  transformations  by  the  Iceland  scallop,  Chlamys 
islandica  (O.  F.  Miiller)  from  70°N.  I.  The  age-specific  energy  budget 
and  net  growth  efficiency.  J.  Exp.  Mar.  Biol.  Ecol.  53:281-296. 

Ventilla.  R.  F.  1982.  Scallop  culture  in  Japan.  Adv.  Mar.  Biol.  20:309-382. 

Wallace.  J.  C.  &  T.  G.  Reinsnes.  1985.  The  significance  of  various  envi- 
ronmental parameters  for  growth  of  the  Icelandic  scallop,  Chlamys 
islandica  (Pectinidae),  in  hanging  culture.  Aquaculture.  44:229-242, 

Wells,  F.  E,  &  C,  W.  Bryce.  1988.  Seashells  of  Western  Australia.  Western 
Australian  Museum.  Perth,  Australia.  207  pp. 

Winer,  B.  J.  1971.  Statistical  Principles  in  Experimental  Design.  McGraw- 
Hill,  New  York,  pp  205-210. 

Zacharin,  W.  1994.  Reproduction  and  recruitment  in  the  doughboy  scallop, 
Chlamys  asperrimus,  in  the  D'Entrecasteaux  Channel,  Tasmania.  Mem. 
Queensland  Museum.  36:299-306. 

Zavarzeva,  E.  G.  1981,  A  method  for  estimating  the  rate  of  development  of 
mollusc  embryos  [Engl,  transl.).  DoU.  Biol.  Sci.  266:527-528. 


Jounnil  nf  SJirllfisb  Rcscanli.  Vol.  17,  No,   l,i»7-l()l.  KWS, 

THE  IMPORTANCE  OF  GONADAL  DEVELOPMENT  ON  LARVAL  PRODUCTION 

IN  PECTINIDS 


MARCEL  LE  PENNEC,'  RENE  ROBERT,'  AND 
MIGUEL  AVENDANO' 

^Biolofiic  nuiriiw 

UMR  CNRS  6539 

Iiistitiit  Universitaire  Europeen  de  la  Mcr 

Universite  de  Bretagne  Occidentale 

29280 — Plouzane,  France 
-IFREMER 

Centre  de  Brest 

BP  70.  29280— Plouzane.  France 
^Facultad  de  Reciirsos  del  Mar 

Universidad  de  Antofagasta.  Casilla  170 

Antofagastu.  Chile 

ABSTRACT  In  the  natural  environment  and  in  hatcheries,  development  of  pectinid  eggs  varies  considerably  between  species, 
between  populations  of  a  given  species,  and  between  hatcheries.  In  addition,  results  observed  in  hatcheries  vary  considerably  from  one 
year  to  another  and  are  therefore  not  reproducible,  which  is  detrimental  to  the  success  of  this  type  of  aquaculture  venture.  On  the  basis 
of  results  obtained  both  in  situ  and  in  the  laboratory  for  Argopeclen  imrpuralus  from  Chile  and  for  Pecten  maximus  from  France,  an 
attempt  was  made  in  this  study  to  determine  factors  leading  to  poor  quality  of  eggs  of  these  pectinids.  Nutrient  level  available  in  the 
gonad  seems  to  be  the  main  factor  involved.  In  particular,  absence  or  low  levels  of  polyunsaturated  fatty  acids  such  as  20:4  (n-6),  22:6 
(n-3),  and  20:1  {n-9)  appear  to  be  delrimenlal  to  proper  larval  development.  Similarly,  sterols  are  also  necessary  to  ensure  a  harmonious 
larval  existence  because  this  molecule  is  used  extensively  by  the  embryo  in  building  cellular  membranes.  The  addition  of  these 
compounds  to  anificial  feed  or  selection  of  new  algal  feeds  seems  to  be  a  prionty  if  the  dependability  of  Pectinid  hatcheries  is  to  be 
increased. 

KEY  WORDS:     factors,  quality  of  oocytes,  larval  development,  Pectinids 


INTRODUCTION 

In  both  the  natural  environment  and  hatcheries,  levels  of  pec- 
tinid egg  development  are  extremely  variable  within  a  given  spe- 
cies, between  populations,  and  from  one  hatchery  to  another.  Fur- 
ther, results  obtained  in  nature  and  in  experimental  or  private 
hatcheries  are  not  reproducible  from  one  year  to  the  next.  Evidence 
of  this  nonreproducibility  can  be  gleaned  from  the  literature  for 
pectinids  living  in  cold  to  temperate  waters  such  as  Plaeopeclen 
imigeUanicus  (Naidu  et  al.  1989),  for  warm-water  species  such  as 
Argopecten  circularis  (Felix-Pico  1991),  and  for  strictly  temper- 
ate-water pectinids  such  as  Pecten  maximus  (Ansell  et  al,  1991), 

Fertilization  rates  are  based  on  the  number  of  normal  D  larvae 
produced  from  a  given  number  of  eggs  (Salaiin  1994).  The  non- 
reproducibility of  these  fertilization  rates  is  linked  to  quality  of  the 
gametes  released.  These  gametes  must  possess  structural  (Dorange 
1989)  and  biochemical  characteristics  fSoudant  1993)  necessary  to 
ensure  harmonious  embryonic  development  throughout  the  en- 
dotrophic  phase  (Lucas  et  al.  1986)  and  to  allow  subsequent  proper 
development  of  larvae  and  successful  metamorphosis. 

On  the  basis  of  studies  by  Bayne  (1976)  on  Mytilus  ediilis  and 
Helm  et  al.  (1973)  on  Ostrea  ediilis.  it  is  generally  accepted  that 
the  main  reason  for  differences  in  bivalve  gamete  quality  are  due 
to  environmental  conditions  experienced  by  inaturing  adults.  More 
recent  studies  by  Delaunay  (1992)  and  Soudant  (199.3)  confirm 
these  observations.  As  a  result,  research  effort  over  the  last  15  y 
has  been  directed  toward  resolving  this  problem.  Results  that  have 
been  and  are  being  obtained  should  allow  a  significant  advance  in 
pectinid  aquaculture  in  the  near  future. 


In  this  article,  an  attempt  was  made  to  determine  precisely 
factors  responsible  for  the  poor  quality  of  gametes  in  mature  adults 
of  two  pectinid  species.  To  this  end.  results  obtained  in  situ  and  in 
the  laboratory  for  Argopecten  piirpiiratiis  from  Chile  and  P.  maxi- 
mus from  France  were  examined.  These  results  were  obtained  by 
the  authors  or  by  researchers  (Salaiin  1994)  working  in  our  labo- 
ratories at  IFREMER/Brest  and  at  the  Universities  of  Brest  and 
Antofagasta.  It  is  hoped  that  such  an  approach  will  increase  our 
understanding  of  the  complex  biological  and  reproductive  aspects 
of  these  organisms. 

CONSIDERATION  OF  PAST  RESULTS 

Spawning  Levels  and  Quality  of  Gametes 

A.  purpuratits 

Regrettably,  results  available  are  fragmentary  and  involve 
adults  only  from  one  area  in  the  north  of  Chile.  Adults  were 
sampled  by  diving  at  maturity  from  the  Bay  of  Mejillones  (Region 
II.  northern  Chile)  and  spawned  by  thermal  shocks  in  the  labora- 
tory. Observations  were  made  strictly  after  collecting  (Table  I). 

P.  maximus 

Individual  fertilization  rates  were  examined,  between  1992  and 
1995.  for  3-  to  5-y-old  animals  originating  from  the  Bay  of  Brest 
and  conditioned  in  the  IFREMER  hatchery  in  Argenton  (Brittany. 
France)  by  techniques  previously  described  (Robert  et  al.  1994). 
Observations  on  fecundity  (number  of  oocytes  emitted)  were  re- 
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Le  Pennec  et  al. 


TABLE  1. 

Relationship  between  size  of  adult  A.  piirpiiraliis  and  number  of 
eggs  spawned  (Avendano  1993). 


Length 

No.  of 

No, 

of  Oocytes 

of  Adults 

Individuals 

per 

Individual 

Date  of  Spawn 

(mm) 

That  Spawned 

(xlO") 

September  27,  1992 

55-6.^; 

7 

6.4 

October  12.  1992 

66-75 

11 

10.4 

November  4,  1992 

76-85 

12 

14.4 

November  10,  1992 

96-105 

S 

27.5 

conditioned  F.  ijiu.xiiinis  individuals  was  10.59  x  10'^  ±  1.36  (mean 
for  all  spawns  ±95%  confidence  interval),  whereas  the  mean  num- 
ber of  D  larve  was  28.31  x  10''  ±  4.10. 

Different  results  were  obtained  with  mature  animals  from  the 
Bay  of  Brest,  where  a  negative  correlation  was  found  between 
these  two  parameters,  i.e.,  the  greater  the  number  of  oocytes  emit- 
ted, the  lower  the  D  larvae  levels  (Fig.  lb).  Mean  fecundity  of 
animals  from  the  natural  environment  was  8.43  ±  1.40  (mean  for 
all  spawns  ±95%  confidence  interval),  and  the  number  of  D  larvae 
was  on  the  order  of  47.45  ±  8.98. 

Spawiiiiif;  and  iMrral  Development 


alized  1  h  after  spawning,  whereas  data  on  D  larvae  formation 
were  obtained  48  h  after  egg  release.  Fecundity  was  not  correlated 
with  the  number  of  D  larvae  obtained.  In  other  words,  it  would 
appear  that  the  number  of  D  larvae  obtained  is  similar  regardless 
of  the  quantity  of  oocytes  emitted  (Fig.  la).  Average  fecundity  of 
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Fisure  I,  la)  Regression  line  hetHeen  the  number  of  oocytes  released 
(fecundity)  and  the  number  of  4S-h-old  I)  larvae  from  mature  scallops 
taken  from  the  natural  environment,  (b)  Regression  line  between  the 
number  of  oocytes  released  (fecundity)  and  the  number  of  48-h-old  D 
larvae  from  hatchery-conditioned  hroodslocks. 


A.  purpnratiis 

For  adults  collected  at  maturity  in  the  Bay  of  Mejillones,  high- 
est values  for  the  gonadal-somatic  index  were  observed  from  Oc- 
tober to  December,  during  which  period  spawning  occurred  in  silii. 
This  same  period  was  also  found  to  be  favorable  for  larval  devel- 
opment in  the  laboratory  by  standard  techniques  following  those 
described  for  P.  maximus  (Robert  et  al.  1994).  Larval  growth  rates 
varied  between  3.5  and  7.6  p.m/day.  and  levels  of  metamorphosis, 
which  correspond  to  the  number  of  postlarvae  divided  by  the  num- 
ber of  pediveligers,  were  low  (Table  2). 

P.  maximus 

Results  from  the  IFREMER  hatchery  of  Argenton  for  adult  P. 
maximus.  sampled  from  the  bay  of  Saint-Brieuc  (Brittany,  France), 
are  shown  in  Table  3.  These  results  were  obtained  during  the 
natural  breeding  period  in  the  bay. 

In  the  experimental  spawns,  which  were  in  the  same  period 
where  P.  maximits  spawned  in  the  bay  of  Brest  to  massive  in  situ 
spawns  (in  phase),  the  number  of  abnormal  larvae  (abnormal  pro- 
dissoconch  or  abnormal  velum)  observed  was  only  4.2%  of  total 
larval  number  as  opposed  to  6.4  and  16.4%  for  the  out-of-phase 
spawns.  Similarly,  larval  growth  rates,  measured  in  fjim/day,  were 
in  the  order  of  4.9  |jim  for  in-phase  spawns  and  between  3.8  and 
2.6  (j(,m  for  the  other  cases.  Finally,  levels  of  metamorphosis  (num- 
ber of  postlarvae  observed  2  wk  after  transfer  in  the  micronursery 
produced  from  a  given  number  of  pediveligers  ready  to  set)  were 
higher  for  in-phase  individuals  (22.9%)  than  for  other  groups  (0  to 
18^.6%). 

From  a  biological  point  of  view,  growth  of  bivalves  in  the 
hatchery  of  Argenton  was  relatively  problem  free,  with  the  excep- 
tion of  July  and  August,  at  which  time  gonadal  development  could 
not  be  obtained  after  the  initial  gonadal  purging  of  the  animals. 
Only  spawners  that  are  already  undergoing  gametogenesis  m  the 

TABLE  2. 

•A  comparison  of  gonadal-somatic  index,  larval  growth  rate,  and 

level  of  metamorphosis  in  A.  purpuratus  reared  on  four  occasions 

during  the  natural  breeding  period  in  the  Bay  of  Mejillones.  Ihile 

(Avendaiio  199.1). 


Gonadal- 

Larval 

Level  of 

Somatic 

Growth  Rate 

Metamorphosis 

Date  of  Spawn 

Index 

(pni/day) 

(%) 

September  27.  1992 

16.9 

2.8 

0 

October  12,  1992 

1X.3 

6.5 

5.7 

November  4,  1992 

17.6 

3.5 

0 

November  10,  1992 

IS.l 

7.6 

2.3 

Larval  Production  in  Pix-iinids 
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TABLE  3. 

Results  of  larval  rearing  experiments  carried  out  during  the  July  1987  reproductive  season  of  P.  maximus  in  relation  to  spawning  periods 

recorded  in  situ  (seawater  temperature,  16"C)  (from  Salaiin  1994). 


Level  of 

Abnormal 

Larval 

Hatchery  Spawn  in  Relatii 

un 

Larvae  on 

Larval  Growth 

Survival  L 

eve! 

No.  of 

Level  of 

to  In  Situ  Spawn 

Day  2  ( % ) 

Rate 

(pm/day) 

(%) 

Postlarvae 

Metamorphosis 

In  phase 

to* 

4.2 

4.9 

92.3 

105.846 

22.9 

Out  of  phase 

tO- 

7 

12.4 

2.6 

48.1 

8.700 

3.6 

tO  + 

3 

16.4 

3.8 

53.9 

50.256 

18.6 

Out  of  phase  by  malntainins; 

tO  + 

9 

6.4 

3.2 

24.1 

0 

0 

the  spawners  at  I4'C 

tO  + 

16 

9.5 

3.6 

27.3 

10,554 

7.7 

to  + 

35 

12.2 

3.2 

12 

0 

0 

*t0,  in  phase  spawns:  tO  -7,  +3,  +9,  +16.  and  +35,  early  or  late  spawns  as  compared  with  those  detected  in  the  natural  environment. 


natural  environment  and  that  had  reached  Stage  2  on  the  Mason 
( 19.'i8)  scale  could  be  conditioned  during  this  period  and  at  a  water 
temperature  of  13°C, 

DISCUSSION 

The  in  situ  fluctuations  in  numbers  of  several  species  of  eco- 
nomically important  pectinids.  e,g,.  P.  magellanicus  (Dickie 
1955),  are  well  documented.  Fluctuations  in  P.  maximus  numbers 
(Boucher  1985)  were  e-xamined  as  part  of  a  National  Program 
Determining  Recruitment  (PNDR).  Observed  fluctuations  led 
Boucher  et  al.  ( 1985)  to  suggest  that  there  exists  a  hierarchy  to  the 
ciitical  steps  leading  to  recruitment  steps,  which  include  gamete 
production. 

A  few  years  after  the  above  study.  Dorange  (1989)  carried  out 
a  meticulous  cytochemical  and  cytological  examination  of  P. 
maximus  gametes  obtained  from  hatcheries.  She  showed  that  there 
was  great  variability  in  the  quality  of  gametes  that  produced  viable 
larvae,  and  she  listed  three  oocyte  types  that  were  relea.sed  during 
in  situ  or  hatchery  spawns:  immature,  overly  mature  having  a 
mature  aspect,  and  mature  oocytes.  Of  these  three  oocyte  types, 
only  the  last  will  produce  larvae. 

The  study  of  reproductive  cycles  showed  that  signs  of  atresic 
oocytes  (Dorange  and  Le  Pennec  1989)  are  visible  throughout 
gametogenesis.  During  spawns,  which  were  never  complete  in  P. 
maximus.  these  deteriorated  oocytes  were  either  released  or  re- 
mained within  the  gonad,  where  they  degenerated.  Results  ob- 
tained for  specimens  sampled  from  the  Bay  of  Saint-Brieuc  re- 
vealed that  the  deterioration  phenomenon  increased  with  increas- 
ing gonadal  maturation  to  reach  a  maximal  level  in  late  June 
(Dorange  1989)  or.  in  other  words.  15  days  to  3  wk  before  the 
natural  spawning  period.  Atresic  oocytes  can  represent  up  to  409!^ 
of  total  oocyte  numbers.  Similar  observations  have  been  made  in 
the  Bay  of  Brest  (Cochard  and  Gerard  1987)  as  well  as  for  A. 
purpuratus  (Avendafio  1993).  Levels  of  lytic  oocytes  toward  the 
end  of  gonadal  maturation  could  be  linked  to  depletion  of  glycogen 
reserves  in  muscle  tissues.  If  this  is  true,  then  oocyte  degeneration 
would  represent  a  natural  part  of  the  reproductive  cycle  in  several 
bivalve  species,  particular  in  pectinids.  The  importance  of  this 
information  for  hatcheries  is  that  it  is  impossible  to  obtain  oocytes 
that  are  1007f  fertilizable.  regardless  of  the  time  of  the  year. 

Since  1986,  the  French  have  preferentially  used  conditioned 
spawners.  with  the  exception  of  during  the  fall  period.  During  fall, 
adults  from  the  natural  environment  release  relatively  few  oocytes. 


These  oocytes,  however,  exhibit  high  fertilization  rates,  produce 
high-quality  pediveligers.  and  generate  an  ongrowing  survival 
level  of  approximately  40%. 

Previously  conditioned  adults  used  at  the  Tinduff  hatchery  all 
originated  from  the  Bay  of  Brest.  The  annual  pediveliger  produc- 
tion in  the  hatchery  is  on  the  order  of  65  x  10'^  (67.5  x  10''  in  1993 
and  66.5  x  10''  in  1994).  Larval  production  at  this  hatchery,  how- 
ever, remains  variable  and  problematic.  Larval  numbers  are  satis- 
factory from  February  to  June,  at  which  time  they  fluctuate  be- 
tween 29  and  60%.  but  are  very  low  from  July  through  December 
(Carval  and  Muzellec  1995). 

For  hatchery-conditioned  P.  maximus  individuals  originating 
from  the  Bay  of  Brest,  analysis  of  the  gametes  released  by  each 
adult  showed  that  the  number  of  D  larvae  obtained  remains  similar, 
regardless  of  the  number  of  oocytes  initially  released.  This  agrees 
with  results  obtained  for  conditioned  adult  Crassostrea  gigas 
(Robinson  1992a).  In  contrast,  the  same  analysis  of  P.  maximus 
individuals  sampled  at  gonadal  maturity  //;  situ  reveals  that  a  nega- 
tive correlation  exists  between  these  two  parameters.  In  other 
words,  the  more  oocytes  emitted,  the  lower  the  number  of  D  larvae 
produced.  In  situ,  the  concept  of  quantity  therefore  seems  incom- 
patible with  that  of  gamete  quality,  which  is  in  agreement  with  the 
conclusion  on  oocyte  degeneration  in  this  species  (Le  Pennec  et  al. 
1 99 1 ).  Mean  fecundity  of  conditioned  spawners  is  approximately 
10.59  x  10*  ±  1.36  (mean  ±  confidence  interval),  whereas  values 
in  the  wild  are  on  the  order  of  8.43  x  10''  ±  1.40  (mean  ±  confi- 
dence interval).  Regardless  of  conditions,  the  variability  of  these 
values  remains  important,  and  as  a  result,  no  significant  difference 
in  fecundity  is  observed  between  wild  and  conditioned  individuals. 
The  same  holds  true  v\hen  the  number  of  D  larvae  obtained  was 
examined. 

Reasons  for  this  high  level  of  gamete  variability  in  pectinids 
have  been  the  object  of  a  number  of  studies  over  the  last  15  y. 
Several  parameters  can  be  pointed  out  as  being  responsible  for 
these  fluctuations:  exogenous  characteristics  such  as  water  quality 
and  temporal  fluctuations  of  intrinsic  phytoplankton  quality  (Sa- 
main  et  al.  1992)  or  endogenous  characteristics  such  as  genetic 
variability  (Cochard  and  Devauchelle  1993). 

On  the  basis  of  research  by  Lannan  ( 1980)  on  C.  g/ga.v,  it  would 
seem  that  a  great  portion  of  the  variability  experienced  during 
bivalve  rearing  can  be  attributed  to  factors  other  than  genetics. 
Among  these  other  factors,  food  quality  plays  an  important  role 
and  it  has  been  shown  that  diet  directly  affects  gamete  composition 
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and  larval  development  (Whyte  et  al.  1987,  Whyte  et  al.  1990, 
Salaun  1994,  Soudant  1993). 

Although  fragmentary,  results  in  the  literature  indicate  that 
variability  in  biochemical  composition  of  the  microalgal  food 
source  plays  a  determining  role  in  the  variable  maturity  of  the 
gonad.  Also,  it  is  the  levels  of  essential  components  such  as  fatty 
acids  that  are  of  paramount  importance  and  not  total  levels  of 
proteins,  carbohydrates,  and  lipids  (Delaunay  1992.  Soudant 
1995).  Indeed,  lipids  play  two  fundamental  roles  in  cellular  me- 
tabolism— storage  of  energy  in  the  form  of  triglycerides  and  the 
functioning  of  cellular  membranes  in  the  form  of  phospholipids 
and  cholesterol  (Holland  1978). 

The  study  by  Delaunay  (1992)  confirms  the  limited  ability  of  P. 
maxiimis  when  using  precursors  to  synthesize  polyunsaturated 
fatty  acids  necessary  for  metabolism  and  survival  such  as  20:4 
(n-6),  20;5  (n-3),  and  22:6  (n-3).  Under  hatchery  conditions,  a 
preferential  accumulation  of  these  three  fatty  acids  in  the  oocytes 
will  occur  regardless  of  their  concentration  in  the  microalgae 
(Soudant  et  al.  1996).  Similar  results  were  recorded  for  P.  imigel- 
laniciis  taken  from  the  natural  environment  (Napolito  and  Ackman 
1993).  It  would  seem  that  the  20:4  (n-6)  fatty  acid  is  important  to 
the  process  of  oogenesis,  whereas  in  the  male,  the  20:1  (n-9)  fatty 
acid  is  involved  in  gametogenesis.  The  22:6  (n-3)  molecule  would 
be  important  during  egg  differentiation  (Soudant  et  al.  1996). 

In  the  same  way,  bivalves  have  a  very  low  or  none.xistant 
capacity  to  synthesize  or  transform  sterols  ( Holden  and  Patterson 
1991).  Cholesterol,  however,  is  used  extensively  by  embryos  to 
build  cellular  membranes  (Delaunay  1992). 

Although  it  is  generally  accepted  that  lipids  play  an  important 
role  in  the  proper  development  of  the  bivalves"  endolrophic  phase, 
several  authors  believe  that  they  are  an  essential  factor  in  the 
exotrophic  phase  and,  subsequently,  determine  the  success  of 
metamorphosis.  This  hypothesis  seems  to  be  validated  in  M.  ediilis 
(Bayne  et  al.  1975),  O.  edulis  (Helm  et  al.  1973),  Ostrea  chilensis 
(Wilson  et  al.  1986),  and  Argopecten  iiradians  (Kraeuter  et  al. 
1982).  However,  it  does  not  hold  true  for  C.  gigas  (Gallager  et  al. 
1986).  The  effect  of  dietary  lipids  on  larval  development  in  P. 


maximiis  has  only  been  evaluated  for  the  endotrophic  phase 
(Soudant  et  al.  1996).  It  would  be  of  interest  to  determine  its  effect 
during  the  exotrophic  phase  because  low  metamorphosis  levels  are 
sometimes  obtained  in  hatcheries  despite  a  satisfactory  larval  de- 
velopment before  this  phase. 

DIRECTION  OF  FUTURE  WORK 

It  would  appear  that  further  studies  should  be  carried  out  on 
dietary  lipid,  essential  fatty  acid,  and  sterol  levels  if  we  are  to 
increase  the  reliability  of  pectinid  and  other  bivalve  hatcheries. 
Studies  by  Robinson  (1992a  and  1992b)  on  C.  gigas  demonstrate 
quite  clearly  the  importance  of  this  research.  Indeed,  she  condi- 
tioned adults  with  either  microalgae  or  simple  lipid  emulsions  and 
observed  identical  oocyte  maturation,  fecundity,  D  larvae  abun- 
dance, and  spat  production  with  the  two  dietary  treatments. 

The  addition  of  certain  fatty  acids,  such  as  20:4  (n-6).  20:5 
(n-3).  and  22:6  (n-3)  either  through  use  of  new  algal  species  or  as 
a  result  of  artificial  feed  additives,  will  mcrease  the  presence  of 
these  molecules  within  the  oocytes,  which  should  decrease  oocyte 
deterioration,  thereby  increasing  gametogenetic  yield.  It  has  been 
shown  that  use  of  a  lipid  emulsion  brings  about  incorporation  of 
fatty  acids  into  triglycerides  and  polar  lipids  in  O.  edulis  larvae  and 
P.  magellanicus  juvenWef,  (Coutteau  et  al.  1994.  Coutteau  et  al. 
1996),  results  that  indicate  that  essential  compounds  present  in  the 
feed  are  transferred  to  the  egg  and.  subsequently,  play  a  role  in 
later  stages  of  development.  In  much  the  same  manner,  cholesterol 
should  be  administered  at  higher  levels  than  are  used  at  present 
during  conditioning.  This  increase  in  cholesterol  could  be  obtained 
through  the  use  of  new  diatom  or  picoplankton  strains,  such  as  has 
been  suggested  by  Patterson  et  al.  ( 1994). 
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ABSTRACT  This  paper  gives  informalion  associaled  with  the  development  of  a  new  fishery  of  patagonian  scallop  Uygochluniys 
palasonka  King  and  Broderip  1832)  in  the  Argentine  Continental  Shelf.  A  joint  State-Industry  research  program  was  performed  during 
1995  with  a  56  m  scalloper  F/V  (Erin  Bruce).  A  total  of  7,134  trawl  shots  were  performed  over  246  days.  Seven  new  beds  with 
commercial  potential  were  found  between  38°  50'  S  and  42  30'  S.  largely  along  the  100  m  isobath.  Beds  were  discrete,  ranging  from 
42.7  to  353.8  km".  Proportions  of  scallops  and  invertebrate  by-catch  and  population  size  structure  varied  between  beds.  CPUE  varied 
from  291  to  4,927  (kg  of  commercial  size  scallops  •  towing  h"' )  in  different  beds.  Large  differences  were  found  between  muscle  yield 
estimated  at  laboratory  (12.07%  and  23.65'7r  in  Sea  Bay  and  MdQ  beds,  respectively).  On  the  basis  of  CPUE  and  muscle  yield,  the 
average  landing  per  unit  of  effort  ranged  from  65.5  to  1,037.6  (kg  of  muscle  •  towing  h"'),  Dunng  the  study  period  a  total  of  1,315 
I  of  muscle  (160-240  pieces -kg"')  was  landed.  Total  scallop  catch  and  commercial  scallop  catch  were  13,580  and  10,592  t, 
respectively.  We  suggest  that  management  of  this  new  developing  fishery  should  be  based  on  the  application  of  a  rotation  and  reserves 
areas  criteria. 

KEY  WORDS:     Scallop,  Zygochlamys  patagonica.  fishery.  Southwestern  Atlantic  Ocean 


INTRODUCTION 

The  patagonian  scallop,  Zxgochlamxs  patagonica  (King  and 
Broderip  1832).  is  distributed  around  the  southern  tip  of  South 
America  from  42°  S  in  the  Pacific  to  35"  S  in  the  Atlantic,  between 
40  and  200  m  depth  (Waloszek  and  Waloszek  1986.  Lasta  and 
Zampatti  1981.  Defeo  and  Brazeiro  1994). 

Studies  on  reproduction  indicate  that  se.xes  are  separate 
(Waloszek  and  Waloszek  1986).  but  Orensanz  et  al.  (1991a)  sug- 
gest sequential  protandric  hermaphroditism.  Sexual  maturity  is 
reached  at  45  mm  shell  height  (=2  y  old)  with  emission  of  gametes 
in  two  pulses  during  spring  and  late  summer  to  early  autumn 
(Waloszek  and  Waloszek  1986.  Orensanz  et  al.  1991a).  Annual 
growth  rings  are  marked  (in  the  shell  and  ligament)  during  the 
winter  (Waloszek  and  Waloszek  1986).  Scallops  with  a  single 
growth  ring  were  found  to  have  bimodal  size  distribution 
(Waloszek  and  Waloszek  1986).  related  to  the  spawning  period. 
Size  at  settlement  (interred  from  the  size  of  the  prodissoconch)  is 
=0.2  mm.  Recorded  maximum  shell  height  and  age  are  79  mm  and 
8  y,  respectively.  Estimated  parameters  for  the  von  Bertalanffy 
growth  equation  (size-at-age  data)  range  between  53  and  79  min 
for  asymptotic  height  and  0.35  and  0.67  y"'  for  k  (Waloszek  and 
Waloszek  1986.  Orensanz  et  al.  1991a). 

Three  general  fishing  surveys,  "Prof.  Siedlecki71973  (Oren- 
sanz et  al.  1991a).  'Walther  Herwig71978  to  1979  (Waloszek  and 
Waloszek  1986)  and  "Walther  Herwig"/1978  to  1979  and  'Shinkai 
Maru71978  (Lasta  and  Zampatti  1981)  revealed  largest  concen- 
trations between  42°  and  44"  S  and  46°  and  48"  S.  and  between  60 
and  80  m  depth  (Fig.  1 ).  These  areas  were  explored  during  1989  by 
the  67  m  Norwegian  scalloper  FA'  (Sea  Bay  Alpha)  during  24 
days.  Catches  taken  in  the  Tres  Puntas  and  Sea  Bay  beds  were 
processed  onboard  and  confirmed  the  economical  value  of  the 
resource  (Lasta  1992). 

Although  the  commercial  potential  of  this  species  has  been 
previously  stressed  (Waloszek  1991)  and  confirmed  by  the  results 
of  the  short  experimental  fishing  survey  of  the  scalloper  FA'  'Sea 
Bay  Alpha'  during  19X9  (Lasta  1992)  the  fishing  industry  did  not 
express  interest  for  a  further  5  y.  During   1995.  a  joint  State- 


Industry  research  program  was  performed  by  the  56  m  FA"  'Erin 
Bruce",  scalloper  equipped  with  bottom  otter  trawls  (efficiency 
21-31%.  Lasta  and  Iribame  1997)  and  mechanical  processing  on- 
board (Lasta  and  Bremee  1995.  Bremec  et  al..  in  press).  These 
investigations  lead  to  the  location  of  seven  new  beds  of  patagonian 
scallop  and  a  novel  fishing  activity  in  the  Argentine  Sea.  The 
research  program  produced  a  total  of  1.315  t  of  inuscle  from  an 
estimated  commercial  scallops  catch  of  10.592  t  (total  weight). 
Muscles  •  kg''  were  in  a  range  of  160-240.  Estimates  of  mean 
biomass  in  a  dense  patch  in  Valdes  bed  were  in  a  range  of  0.22- 
0.23  kg  of  scallops  •  m"-  (Lasta  and  Iribame  1997). 

Lack  of  baseline  information  on  target  and  associated  species  is 
a  limiting  factor  to  elucidate  changes  from  natural  and/or  anthro- 
pogenic causes.  Following  Brand  and  Prudden  (1995).  we  are 
building  complete  databases  as  a  tool  for  a  long-term  management- 
oriented  research  programme  to  assess  the  impact  already  pro- 
duced on  the  scallop  stocks.  The  year-round  experimental  fishing 
survey  represents  an  unusual  possibility  of  collection  of  both  fish- 
ery and  ecological  information  before  fishing  disturbances. 

The  objective  of  the  present  paper  is  to  communicate  the  results 
of  studies  on  spatial  distribution  and  dimensions  of  beds,  size 
frequency  distributions,  and  scallop  yield  by  beds  during  the  study 
period. 

MATERIALS  AND  METHODS 

During  1995  a  total  of  15  trips  were  performed  in  the  area  from 
38°  to  48°  south  and  between  50  and  130  m  depth  in  the  Argentine 
Sea  using  a  56  m  scalloper  (FA"  'Erin  Bruce').  A  total  of  7,134 
trawl  shots  (13.177  nets,  92%  of  paired  of  trawls)  was  performed 
in  246  days  at  sea,  from  January  to  December.  Data  on  research 
sampling  and  fishing  activity  were  obtained  by  observers  onboard 
during  all  trips.  A  bottom  otter  trawl,  similar  to  the  gear  used  in  the 
calico  scallop  fishery  (Argopecten  gihbiis  Linnaeus.  1758).  was 
used  for  this  program.  The  estimated  efficiency  of  this  gear  ranged 
between  21%  and  31%'  (Lasta  and  Iribarne  1997).  Initial  and  final 
positions  of  each  haul  were  registered  by  General  Positioning  Sys- 
tem equipment.  Fishing  distances  were  calculated  on  the  basis  of 
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Figure  1.  Spatial  distribution  of  the  pulagonian  scallop  (Z.  palagonica. 
King  &  Broderip.  1832)  on  Ihc  Argentine  Continental  Shelf  (light 
gray).  Largest  concentrations  (dark  gray)  and  known  beds  (  ,  Sea 
Bay  and  Tres  Puntas)  before  1995.  New  beds  discovered  during  the 
experimental  fishing  survey  (•):  MdQ,  Redutas,  San  Bias,  SAO, 
SWSAO.  Valdes  and  Tango  B.  Line:  trip  L  1995. 

towing  time  (minutes)  and  speed  (km  •  ii"').  Depth  in  meters  was 
recorded  using  an  echosounder.  The  mean  trawling  speed  was  7.37 
km  ■  h~'  (SD;  0.66,  n:  7.134)  and  mean  towing  time  was  1 1.23  min 
(SD:  2.23,  n:  7,208). 

Unsorted  catch  (UC:  scallops  plus  by-catch)  per  tow  was  cal- 
culated by  visually  estimating  the  extent  to  which  the  cod-end  was 
filled,  based  on  categories  of  10%  before  it  was  opened  on  deck. 
The  UC  weight  for  different  proportions  of  cod-end  fullness  (20%, 
50%,  80%'.  and  100%)  piovided  the  following  linear  relationship: 
a:  22.98  (SE:  1.37).  b:  4.28  (SE:  98.89),  r":  0.9.S,  n:  17  (Lasta  and 
Iribarne  1997).  A  full  net  was  estimated  lo  contain  s  2.300  kg  of 
UC. 

Scallop  catch  (SC)  was  estimated  from  the  scallop  yield 
(SY%i):  samples  ( 10  kg  each)  were  taken  randomly  from  the  UC  in 
3.187  tows  and  scallop  and  bycatch  fractions  were  weighted  (ac- 
curacy 0.1  kg).  On  the  basis  of  this  proportion  (SY%f).  the  SC  in 
the  UC  was  estimated.  Commercial  scallop  catch  (CSC)  was  es- 
timated by  assessing  that  proportion  of  commercial  scallop  yield 
(CSY%i)  of  scallops  s=  55  mm  total  height.  This  size  was  initially 
assumed  as  a  minimum  legal  size  from  previous  studies  on  repro- 
duction, growth,  and  muscles  per  kg  (Waloszek  and  Waloszek 
1986.  Orensanz  et  al.  1991a.  Lasta  1992).  Catch  per  unit  effort 
(CPUE)  is  expressed  as  commercial  scallop  kg  •  towing  h"'. 
Muscle  landing  per  unit  effort  (LPUE)  is  expressed  as  muscle 
kg  •  towing  h~'.  Estimates  of  average  LPUE  is  the  product  of 
average  commercial  scallop  CPUE  and  average  muscle  yield.  SD 
of  LPUE  by  bed  were  estimated  by  the  variance  of  products 


(Goodman  1960  in  Raj  1980)  of  commercial  scallop  CPLIE  and 
muscle  yield.  ANOVA  tests  were  performed  to  compare  data  from 
beds;  arcsen  (V  x/lOO)  transformation  were  applied  to  data  in  %■ 
(SY  and  CSY)  and  Ln  transformation  to  CPUE  data. 

Size  frequency  distributions  were  measured  for  all  beds,  with 
shell  height  (SH).  being  measured  with  a  caliper  to  the  nearest 
millimeter. 

Samples  of  standard  specimens  (60  mm  SH)  from  different 
areas  were  taken  and  frozen  (-20°C)  for  a  range  of  measurements 
in  the  laboratory.  Total  weights  without  epibionts  (TWWE)  were 
measui'ed  in  grames  (accuracy  0.1  g).  Muscle  weight  (MW)  was 
measui'ed  (accuracy  0.01  g)  and  expressed  as  muscle  yield  (MY% ) 
in  percentage  of  the  TWWE.  Samples  sites  and  beds  are  shown  in 
Figure  1 . 

The  estimated  dimension  of  beds  was  based  on  a  fishing/ 
productive  scope.  Once  a  fishable  area  was  found,  the  vessel  was 
allowed  to  fish  without  technical  intervention.  Commercial  fishing 
ceased  and  searching  for  another  fishable  bed  whenever  produc- 
tion dropped,  according  to  some  fishing/threshold  of  profitability 
criteria.  Position  of  each  tow  and  corresponding  CPLIE  were  plot- 
ted. Then  dimensions  in  latitude  and  longitude  for  the  total  tows 
were  calculated  in  every  profitable  (fishing  criteria)  area.  All 
CPUE  values  were  included  in  the  calculation  of  "average  CPUE", 
only  those  "0"  values  caused  by  operational  problems  were  not 
considered. 

RESULTS 

Location  of  Reds 

The  prospection  program  conducted  to  the  finding  of  seven 
new  beds  of  patagonian  scallop  in  the  Argentine  Sea  (Fig.  I). 
During  the  first  trip  the  objective  was  to  reconnoitre  known  pos- 
sible fishable  areas  and  to  find  new  ones.  In  this  way,  the  track  of 
the  F/V  indicates  the  wide  area  explored  (Fig.  1),  in  which  hauls 
were  made  both  in  places  where  previous  information  indicated  the 
presence  of  scallops  and  at  random  in  other  areas.  From  this  trip, 
21  hauls  indicated  absence  and  178  hauls  indicated  presence  of 
scallops. 

Position,  estimated  dimension  and  depth  of  the  known  (Tres 
Puntas  and  Sea  Bay)  and  the  new  beds  (MdQ.  Reclutas.  San  Bias, 
SAO,  SWSAO.  Valdes  and  Tango  B)  are  presented  in  Table  1. 

TABLE  1. 

Location  of  '/.ygochlamys  patagonica  beds  in  the  Argentine 

Continental  ShelL  Central  position  (  S;    \V),  dimension  (km),  area 

(knr),  and  depth  (m). 


Central  Position 

Dimensions 

Lat. 

Long. 

Depth 

Bed 

"S 

W 

km 

km 

km- 

m 

MdQ 

38°  30' 

55°  48' 

— 

— 

— 

105 

Reclutas 

W  24' 

55°  .56' 

— 

— 

— 

104 

San  Bias 

39°  47' 

56°  15' 

1 5.92 

12.03 

191.5 

89 

SAO 

40°  45' 

57°  02' 

23.89 

14.81 

353.8 

108 

SWSAO 

41°  50' 

58°  10' 

14.07 

11.11 

1 56.3 

106 

Valdes 

42°  14' 

58° 33' 

7.22 

5.92 

42.7 

98 

Tango  B 

42°  30' 

59°  15' 

16.29 

9.26 

IsO.S 

96 

Sea  Bay 

43°  33' 

63°  OS' 

9.63 

6.4S 

60.6 

75 

Tres  Puntas 

46°  47' 

65°  24' 

— 

— 

^ 

67 
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Valdes  Bed  was  intensively  fished  once  discovered  (Trip  1,  7S 
hauls).  During  the  following  four  trips  (2.  3,  4,  and  5:  3.097  hauls) 
this  bed  was  the  target.  During  trips  6,  7,  and  8  (194  hauls)  it  was 
only  partially  fished.  As  a  result  of  this  fishing  activity,  average 
CPUE  for  trips  6.  7,  and  8  dropped  55%  of  the  average  value  for 
Xrips  1-4  (Fig.  2).  This  drop  in  the  CPUE  between  virgin  condi- 
tion and  the  leaving  of  the  area  is  near  to  the  maximum  average 
CPUE  -  2  SD  (Fig.  2,  Trip  3).  CPUE  values  indicated  that  the 
finding  of  areas  where  CPUE  was  =  average  CPUE  -  2  SD  de- 
tennined  the  cease  of  fishing  activity,  points  that  were  conse- 
quenth  adopted  as  geographic  limits  of  the  bed.  The  procedures 
was  repeated  in  every  different  bed  and  although  "average  CPUEs" 
were  different,  the  indicated  fishing  behavior  resulted  in  corre- 
spondence with  the  mentioned  observation  in  each  new  profitable 
area. 

Commercial  Scallop  CPVE:  Vnsorted  Catch,  Scallop  Yield,  and 
Commercial  Scallop  Yield 

ANOVA  tests  (p  <  0.05)  indicate  differences  in  unsorted  catch 
(UC.  F:  100.5.  F,.:  1.94.  total  n:  3,389).  scallop  yield  (SY%.  F; 
105.44,  F^,:  1.95,  total  n:  723).  and  commercial  scallop  yield 
(CSV/f.  F:  153.55.  F^.:  1.94.  total  n;  863)  between  beds.  Relative 
compositions,  expressed  as  CS  CPUE  were  also  statistically  dif- 
ferent (ANOVA.  p  <  0.05.  F:  186.54,  F^,:  1.95,  total  n;  747)  be- 
tween beds.  Reclutas  Bed  was  characterized  by  lower  average 
values  of  CS  CPUE  (291  kg  ■  h',  SD:  199,  n:  38)  (Fig.  3a). 
Average  UC  was  6,415  kg  •  h"'  (SD:  4,220,  n:  32)  and  average 
SY:  27.02%  (SD:  12.32.  n:  29,  so  SC:  1.323  kg  •  h"')  and  CSV: 
22.17%  (SD:  5.87,  n:  8)  (Fig.  3,  b,  c,  and  d). 

Maximum  average  values  of  CS  CPUE  were  observed  at 
SWSAO  Bed  (4.927  kg  •  h"',  SD:  1.440.  n:  208)  (Fig.  3a).  Aver- 
age UC  was  8.906  kg  ■  h"'  (SD:  2,646,  n:  658),  average  SY: 
83.21%  (SD:  7.94,  n:  207,  so  SC:  6.942  kg-h"')  and  CSY: 
71.36%  (SD:  7.85.  n:  263)  (Fig.  3,  b.  c.  and  d). 

Sice  Frequency  Composition  by  Bed 

Size  frequency  compositions  were  found  during  the  experimen- 
tal fishing  program  in  1995.  showing  the  recruitment  pattern  in  an 
undisturbed  condition  (Fig.  4).  With  the  exception  of  Reclutas  Bed 
(Fig.  4b).  aduhs  (higher  than  45  mm.  2  y  old)  dominated  in  num- 
ber. Absence  of  recruits  at  Valdes  and  Sea  Bay  Beds  (Fig.  4.  f.  h) 
and  low  frequency  of  recruits  and  juveniles  was  observed  at  the 
other  beds. 
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Figure  2.  Valdes  Bed.  Average  commercial  scallops  catch  per  unit 
effort  (CS  CPUE.  scallop  kg  •  h  ')  by  trip  during  1995  (.January  to 
June).  Bars  indicate  1  SD. 


Muscle  Yield 

Differences  in  muscle  yield  (MY,  %)  were  observed  between 
beds  (Fig.  5)  during  January  1995.  Beds  located  along  the  100  m 
isobath  (MdQ.  Reclutas  and  Valdes.  Fig.  1)  had  higher  MY  than 
the  previously  known  beds  Sea  Bay  and  Tres  Puntas  (67  and  75  m 
depth,  respectively.  Fig.  1 ).  ANOVA  analysis  between  beds  indi- 
cates statistical  differences  (p  <  0.01;  F:  64.02,  F,:  3.57,  total  n: 
154).  Tukey  analysis  indicates  statistical  differences  between  Sea 
Bay  -  Tres  Puntas  beds  with  MdQ  -  Reclutas  -  Valdes  beds  (p  < 
0.05). 

Yearly  variations  in  the  muscle  weight  (MW,  g)  and  MY  for 
specimens  60  mm  SH  (Fig.  6,  a  and  b)  were  estimated  from 
samples  taken  at  Valdes  and  SWSAO  beds.  The  trends  for  both 
variables  suggest  an  increase  in  median  values  during  summer  to 
early  autumn  and  a  decrease  during  winter  to  early  spring. 

Calch  Per  Unit  Effort  and  Potential  Muscle  Landing  Per  Unit  Effort 

Commercial  scallop  (CS)  CPUE  (Fig.  3a|  varied  between  beds 
with  UC,  SY  and  CSY  (Fig.  3,  b.  c,  and  d).  Combining  this  in- 
formation with  values  of  MY  for  different  beds  (Table  2),  it  is 
evident  that  there  is  a  rank  of  potential  muscle  production  or  land- 
ing per  unit  effort  (LPUE)  by  bed  (Fig.  7). 

A  maximum  value  of  muscle  LPUE  was  obtained  at  SWSAO. 
Higher  values  of  UC  and  CSY  were  also  observed  there.  A  mini- 
mum of  muscle  LPUE  was  observed  at  Reclutas  Bed,  as  expected 
for  an  area  largely  occupied  by  juveniles.  Values  of  muscle  LPUE 
could  be  used  to  rank  the  beds  as  follows:  SWSAO  >  SAO  > 
Tango  B  >  San  Bias  >  Valdes  >  Sea  Bay  >  Tres  Puntas  >  MdQ  > 
Reclutas. 

DISCUSSION 

The  patagonian  scallop  Z.  patagonica  forms  discrete  beds  in  the 
Argentine  Sea.  where  commercial  fishery  could  be  conducted. 
Seven  new  beds  have  been  found  along  the  100  m  depth  isobath 
between  38°  40'  S  and  42°  36'  S.  Those  new  beds  demonstrated 
better  commercial  potential,  because  of  the  higher  muscle  yield. 
than  those  known  from  60-70  m  depth  in  southern  areas  (Sea  Bay 
and  Tres  Puntas)  (Figs.  1  and  5). 

Muscle  production  fluctuated  between  160  and  240  pieces  • 
kg"',  which  represents  a  relative  low  present  market  value.  How- 
ever, increasing  international  scallops  demand  inferred  from  world 
landings  (1985:  604.165  t:  1994:  1,634,32  t;  FAO,  1996)  and  re- 
strictions in  scallop  fishing  grounds  (Naidu  1991.  Bourne  1991) 
may  lead  to  increased  value  of  this  species. 

Size  composition  show  that  recruitment  conditions  vary  be- 
tween beds.  Valdes  and  Sea  Bay  bed  were  composed  largely  of 
adults  and  characterized  by  unimodal  size  distributions  (Fig.  4.  f 
and  h).  On  the  basis  of  data  in  Waloszek  and  Waloszek  (1986)  and 
Waloszek  ( 1991 )  size-at-age  estimates,  this  suggests  a  recruitment 
failure  during  the  past  4-5  y.  The  size  frequency  distribution  dur- 
ing Sea  Bay  trip  in  July  to  August  1989  (Fig.  8)  (Lasta  1992) 
shows  a  similar  pattern.  On  the  other  hand,  size  composition  in 
Reclutas  Bed  was  consistent  with  intense  recruitment  during  1994, 
probably  from  the  (early)  spring  spawning  (average  SH:  13.82 
mm,  SD:  3.61,  n:  223)  (Fig.  4b).  Later,  during  October  1995  an- 
other cohort  (average  SH:  8.35  mm,  SD:  1.78.  n:  133)  was  ob- 
served in  the  same  area,  probably  from  the  summer  to  autumn 
1995  spawning  (Fig.  4j).  It  occupied  the  same  location  as  the 
previously  mentioned  cohort  (average  SH:  31.71  mm,  SD:  4.23,  n: 
3.472).  The  observed  size  frequency  distributions  for  all  beds  dur- 
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Figure  3.  a.  Commercial  scallop  (CS)  CPUE  (kg 
yield  (CSyTr  I  in  different  beds  during  1995. 
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ing  1995  suggest  pulse  recruitment.  Assuming  that  there  are  two 
spawning  periods  (Waloszek  and  Waloszek  1986)  it  is  unknown  if 
the  timing  pattern  is  the  same  for  the  beds  in  different  geographical 
locations  and  if  all  organisms  spawn  twice  a  year.  The  degree  of 
synchronization  of  spawning  varies  among  species  and  within 
populations  of  the  same  species  both  between  locations  and  years. 
Known  external  environmental  factors  that  synchronize  the  repro- 
ductive cycle  of  scallops  include  food  and  temperature  (Barber  and 
Blake  1991),  and  are  also  considered  the  main  parameters  that 
control  growth  in  temperate  regions  (Griffiths  and  Griffiths  1987). 

Although  the  patagonian  scallop  is  largely  distributed  in  the 
Argentine  Continental  Shelf  (Fig.  I),  the  program  confirmed  the 
presence  of  dense  discrete  beds  with  significant  differences  in  SY 
and  CSV  (Fig.  3,  c  and  d).  Noticeable  differences  among  beds 
were  found  in  1995  in  relation  to  MY  estimated  in  laboratory 
(Table  2).  Values  ranged  between  12.69Vr  and  23.09%  in  Sea  Bay 
and  MdQ  beds  respectively,  suggesting  environmental  differences 
between  areas.  A  value  of  12.03%  MY  (SD:  1 .42,  n:  80)  was  found 
in  Sea  Bay  Bed  during  1989  (Lasta  1992),  suggesting  the  persis- 
tence of  environmental  conditions  when  comparing  MY  values. 
However,  similar  size  frequency  distributions  (Figs.  4h  and  S)  in 
this  bed  in  1989  and  1995  were  observed,  indicating  recruitment 
failures,  commonly  associated  with  variable  environment. 

The  observed  pattern  of  muscle  yield  and  spawning  periodicity 
may  be  related  to  hydrographic  processes  that  influence  primary 
productivity.  Two  main  hydrographic  regimes  can  be  observed  in 


the  Western  South  Atlantic.  The  spatial  distribution  and  biological 
characteristics  of  scallops  are  probably  related  to  them.  One  of 
those  hydrographic  regimes  is  the  Malvinas  Current,  the  other  is 
the  shelf  regime  (Fig.  9).  The  continental  shelf  is  dominated  by 
waters  of  subantarctic  origin,  mainly  by  the  contribution  of  the 
upper  layer  of  Malvinas  Current,  that  flow  through  the  west  of 
Burdwood  Bank  (Thomsen  1962,  Lusquinos  and  Valdes  1971. 
Piola  and  Gordon  1989,  Guerrero  et  al.  1996).  The  continental 
shelf  waters  are  also  influenced  by  continental  runoff  that  enters 
the  shelf  through  the  Magellan  Strait  (Krepper  1977,  Bianchi  et  al. 
1982)  and  the  Tierra  del  Fuego  Channels  (Lusquinos  and  Valdes 
1971).  The  Malvinas  Current  Hows  towards  the  north  along  the 
continental  slope,  transporting  subantarctic  waters  characterized 
by  high  salinity  and  low  temperature  (Piola  and  Gordon  1989). 
Between  35°  and  40°  S  the  Malvinas  Current  converges  with  the 
Brazil  Cuirent  flowing  poleward,  generating  a  strong  frontal  zone 
between  Subantarctic  and  Subtropical  waters  (Reid  et  al.  1977, 
Legeckis  and  Gordon  1982,  Gordon  and  Green  Grove  1986).  The 
differential  heating  between  shelf  and  slope  regiines  during  the 
warm  seasons  develops  a  shelflyreak  front  observed  as  a  horizontal 
icmperature  gradient  over  the  90-100  m  isobath  (Martos  and  Pic- 
colo 1988.  Baldoni  1993).  This  front  may  be  the  factor  that  influ- 
ences the  area  of  distribution  of  beds  located  at  these  depths  (MdQ 
Bed  in  the  north  to  Tango  B  Bed  in  the  south.  Figs.  I  and  9).  The 
high  productivity  of  the  sheljlireak  front  is  well  documented  on  the 
basis  of  remote  sensing  (Podesta  and  Esai'as   1988)  and  in  situ 
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measurements  (Brandhorst  and  Castello  1971.  Carreto  et  al.  1981. 
Carreto  et  al.  1995).  A  seasonal  study  of  primary  productivity  at 
39°S  (Negri  1993)  indicated  values  ranging  between  0.1  and  2.7 
gC  m"-  day"',  and  a  yearly  regional  production  of  about  350  gC 
m"".  Satellite  images  collected  from  the  Coastal  Zone  Color  Scan- 
ning in  summer  and  autumn,  show  an  almost  permanent  lighter 
band  along  the  edge  of  the  shelf  from  39°S  to  47"S,  contrasting 
markedly  with  the  imagery  corresponding  to  shelf  waters  and  the 


adjacent  offshore  region  (Podesta  and  Esaias  1988.  Bertolotti  et  al. 
1996). 

The  two  other  beds  (Sea  Bay  and  Tres  Puntas.  Fig.  I)  are 
associated  to  a  different  hydrographic  regime  (Patagonian  Current. 
Brandhorst  and  Castello  1971).  Tres  Puntas  Bed  and  Sea  Bay  Bed 
are  influenced  by  a  low  salinity  coastal  system.  This  water  is  of 
continental  origin,  mainly  via  Magellan  Strait  and  Tierra  del  Fuego 
Channels  runoff  (Brandhorst  and  Castello  1971.  Lusquifios  and 
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Figure  5.  Muscle  yield  in  different  beds  durin;)  IW5,  in  standard 
specimens  (60  mm  SH.  n:  20).  MV:  muscle  yield  {9c.  muscle 
weight    TVVWE' I. 

Valdes  1971,  Krepper  and  Rivas  1979.  Guerrero  and  Piola,  1997). 
This  system  is  coastal  up  to  47°S  and  separates  from  the  coast  to 
occupy  the  intermediate  part  of  the  shelf  up  to  38 'S  (Brandhorst 
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TABLE  2. 

Muscle  yield  (MY  %)  during  1995  for  different  beds.  Average  value, 
SD  and  number  (n)  of  60  mm  SH  specimens. 

Muscle  Yield  ( %  ) 


Bed 

Average 

SD 

n 

Date 

MdQ 

23.09 

2.02 

36 

Jan.  18 

Recliitas 

22.49 

2.15 

28 

Dec.  13 

San  Bkis 

22.38 

1.62 

40 

Set.  20 

SAO 

20.09 

2.02 

38 

Jul.  29 

SWSAO 

19.58 

2.16 

38 

Oct.  12 

Valdes 

21.03 

2.09 

34 

Jan.  14 

Tango  B 

22.67 

1.76 

32 

Jun,  20 

Sea  Bay 

12.69 

2.39 

28 

Jan.  9 

Tres  Piinlas 

18.13 

2.00 

28 

Jan.  12 

and  Caslello  1471 ).  The  extent  of  this  low  salinity  distribution  is 
shown  at  the  surface  and  bottom  by  Brunetti  et  al.  (1996a.  b). 
where  the  horizontal  gradient  occurs  between  47""S  (Tres  Puntas 
Bed)  and  44''S  (Sea  Bay  Bed).  Tres  Puntas  Bed  is  associated  with 
the  coastal  regime,  characterized  by  mi.xed  water  from  tidal  effect. 
Nutrients  concentration  is  high  throughout  the  year  and  high  chlo- 
rophyll concentration  is  reported  (Bertolotti  et  al.  1996).  Sea  Bay 
Bed  is  associated  with  the  intermediate  shelf  regime,  characterized 
by  lower  productivity  (Carreto  and  Benavides  1990.  Carreto  et  al. 
1995)  because  of  the  strong  seasonal  variation  in  vertical  structure 
of  the  water  column,  with  an  homogeneous  layer  in  winter  and  two 
layered  structure  during  warm  months  with  a  strong  thermocline 
over  the  region  (Bianchi  et  al.  1982,  Krepper  1977). 

The  high  CS  CPUE  or  LPUE  (Figs.  3a  and  7)  in  some  beds 
suggest  that  the  fishing  activity  can  be  economically  viable  even 
with  the  small  size  of  muscle  taken.  Estimates  of  mean  biomass 
density  ranged  between  0.23  and  0.22  kg  of  scallops  ■  m""  (Leslie 
and  DeLury  methods  respectively)  in  a  dense  patch  in  Valdes  Bed 
(Lasta  and  Iribarne  1997),  which  was  in  an  undisturbed  condition. 
This  biomass  density  corresponds  to  14-6  scallops  55-70  mm  SH 
(Total  weight:  8  •  10^'  ■  SH'"^"",  r:  0.95,  n:  100.  M.  L.  Lasta  un- 
publ.).  As  it  was  observed  in  Valdes  Bed  during  a  series  of  trips, 
the  average  CPUE  dropped  55<7<:  of  the  initial  average  value  (Fig. 
2),  suggesting  the  nonprofitability  of  the  fishing  activity  at  this 
lower  density  of  6.3  to  2.7  scallops  ■  m~". 
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6.  a:  Muscle  weight  (MW.  g)  and  b:  muscle  yield  (MY,  %)  for 
SH  specimens  at  Valdes  and  SWSAO  beds,  1995. 
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Figure  7.  landing  per  unit  effort  (l.PliE,  average  muscle  kg  •  h~')  by 
bed  during  1995,  bars  indicate  SD. 
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Figure  8.  Size  (SH:  shell  helghl,  iiinil  (reqiienc>  ( 9^ )  distribution  of 
scallop  catch  during  July  to  August  ItH').  FA'  "Sea  Bay  Alpha",  Sea 
Bay  Bed.  Specimens    »54  mm  SH  =  9'~i  and  sSS  mm  SH  =  <){%. 


On  the  basis  ot  nuiscle  kiiidiiig  per  unit  effort  (LPUE)  (Fig.  7). 
conditions  of  fishing  and  processing  similar  to  those  carried  out  by 
F/V  "Erin  Bruce",  beds  could  be  ranked  from  more  profitable 
(SWSAO)  to  less  profitable  (Reclutas).  The  1.315  metric  tons  (t) 
of  muscle  obtained  during  1995  (mainly  from  the  100  m  isobath 
beds)  represent  an  average  12. 18%  (SD:  2.23.  n:  15)  of  the  total  CS 
catch.  This  value  is  lower  than  19%-23%  MY  (Table  2).  obtained 
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Figure  9.  General  water  masses  circulation  in  the  SVV  Atlantic  Ocean 
(from  Piola  and  Rivas  1997). 


in  ihc  kibiiiatiir\ .  The  dillcrcnce  between  the  expected  ( 19%-23%) 
and  Ihc  iihlamcd  12.18%  is  attributed  to  losses  in  the  factory 
process.  On  an  average  fishing  day.  the  FA'  made  36  trawls  (92% 
with  paired  trawls).  With  this  intensity  of  fishing  activity  it  was 
possible  to  obtain  7.54  t  of  muscle  in  the  SWSAO  bed.  the  more 
profitable  area.  However,  less  than  0.44  t  could  be  obtained  in 
Reclutas  bed.  Values  of  12.81  t  and  0.8  t.  respectively,  could  be 
reached  daily  without  factory  losses. 

Differences  in  MY(%)  between  beds  (Fig.  5)  explain  why  Sea 
Bay  and  Tres  Puntas  beds  did  not  demonstrate  commercial  interest. 
Regarding  seasonality  in  MY(%).  higher  losses  in  muscle  produc- 
tion were  observed  from  June  to  November  (M.  L.  Lasta,  pers. 
obs.).  because  of  the  soft  consistence  of  the  muscles. 

According  to  the  recruitment  history,  proportion  of  total  and 
commercial  scallops  were  significantly  different  in  every  bed.  As 
those  are  dynamic  in  time  and  affected  by  the  fishing  activity  as  it 
was  observed  by  the  drop  of  CPUE  in  Valdes  Bed  (Fig.  2).  the 
dimension  of  each  fishable  area  would  be  dynamic  (increase  or 
decrease)  in  relation  to  biological-bioniass  and/or  economical- 
market  variables.  During  the  experimental  program  in  1995  the 
F/V  left  a  bed  when  the  CPUE  dropped  55%  of  the  initial  values. 
In  Valdes  Bed  (Fig.  2),  the  higher  CPUE  (Trip  3)  is  close  to  CPUE 
-  2  SD.  This  value  was  related  to  a  threshold  of  profitability, 
inferred  by  the  behavior  of  the  FA'  that  left  the  fishing  area  when 
reaching  this  value.  It  made  possible  the  mapping  of  the  fishable 
areas,  which  could  eventually  change  (increase  by  growth  of  re- 
maining populations  or  new  recruitments  and  decrease  by  fishing 
activity).  This  speculation  about  the  behavior  of  the  FA',  reflects 
the  high  vulnerability  of  sessile  resources  due  to  fishing  effort  in 
compact  beds  once  detected  and  enhances  the  idea  of  a  rotation 
areas  strategy.  According  with  average  values  of  trawling  speed, 
time,  and  mouth  opening  of  the  net  (Lasta  and  Iribame  1997). 
Valdes  Bed  was  swept  115%  assuming  a  regular  distribution  of 
tows.  With  this  fishing  effort  the  observed  drop  was  55%  of  the 
initial  value,  suggesting  a  fishing  effort  of  100%  as  an  experimen- 
tal limit  management  recommendation  in  a  rotation  area  strategy. 

Management  recommendations  to  develop  the  fishery  during 
1996  were  made  according  to  the  present  knowledge  about  the 
spatial  pattern  and  size  of  beds.  It  is  considered  that  proper  advice 
would  be  dynamic  in  relation  to  the  development  of  fishing  ac- 
tivities and  future  research.  In  this  sense,  spatial  patterns  of  fishing 
effort  would  be  considered  as  the  main  key  management  in  a 
rotation  strategy  between  beds,  on  the  basis  of  a  predetermined 
degree  of  disturbance  than  to  the  biomass  of  the  target  species 
(Lasta  et  al.  1988.  Orensanz  et  al.  1991b). 

A  classic  management  and  development  program  for  the  fish- 
ery could  be  based  on  studies  about  population  dynamics  in  dif- 
ferent beds.  Proper  management  not  only  depends  on  biomass 
evaluations,  studies  on  age  and  growth,  factors  affecting  recruit- 
ment and  larval  dispersal,  natural  mortality,  etc.  A  more  appropri- 
ate strategy  to  manage  sessile  resources  will  consider  not  only 
fishing  effort  (as  disturbance  effect)  on  a  rotation  area  criteria  but 
also  the  establishment  of  "no-take'  reserves  areas  (Roberts  1997) 
within  each  bed  as  a  way  to  maintain  reproductive  aggregations 
(Stokesbury  and  Himmelman  1993). 

Long-term  research  about  community  structure  and  bycalch  in 
relation  to  trawling  also  conform  aspects  of  relevant  interest 
(Hutchings  1990.  Alverson  et  al.  1994.  Parsons  1996,  Brand  et  al. 
1997).  Both  natural  and  anthropogenic  factors  affecting  scallop 
populations  must  be  taken  into  account  to  develop  an  effective 
plan  to  manage  the  resource. 
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MOBILIZATION  OF  ENERGY  FROM  ADDUCTOR  MUSCLE  FOR  GAMETOGENESIS  OF  THE 
SCALLOP,  ARGOPECTEN  PURPURATUS  LAMARCK 


GLORIA  MARTINEZ  AND  LIVIA  METTIFOGO 

Faciiltcul  de  Ciencias  del  Mar 
Universidad  Catolica  del  Norte 
Casilla  117 
Coqiiiinho.  Chile 

ABSTRACT  Ganietogenesis  is  a  high  energy-demanding  process,  and  in  pectinids.  adductor  muscle  has  been  suggested  to  be  a 
storage  tissue  of  energy  substrate  for  this  process.  Carbohydrates  have  been  suggested  as  the  primary  substrate  mobilized.  Analysis  of 
the  content  of  glycogen  in  adductor  muscle  of  Argopecten  purpurauis  at  different  stages  of  gametogenesis  showed  an  inverse 
relationship  between  the  content  of  glycogen  in  muscular  tissue  and  gonad  index.  The  contents  of  dopamine,  noradrenaline,  and 
serotonin  were  measured  in  the  muscle  of  scallops  allowed  to  proceed  with  gametogenesis  after  spawning.  These  monoamines 
increased  as  the  gonad  attained  its  complete  ripeness.  Measurement  of  cyclic  AMP  (cAMP)  content  in  the  muscle  showed  a  temporal 
course  similar  to  that  of  the  monoamines.  Increases  of  cAMP  levels  when  muscular  tissue  was  incubated  with  dopamine  were  obtained 
onlv  w  hen  gametes  were  nearly  ripe.  These  results  suggest  an  important  role  of  muscle  as  a  supplier  of  fuels  for  gametogenesis,  mainly 
when  the  process  is  attaining  its  completion.  It  is  hypothesized  that  a  point  of  control  of  gametogenesis  may  be  through  the  control 
of  mobilization  of  substrates  that  supply  energy  for  this  process.  This  control  could  be  through  monoamines,  which  would  increase  the 
levels  of  cAMP.  which  in  turn  would  induce  the  phosphorylation  of  glycolytic  enzymes,  increasing  the  catabolism  of  substrates. 

KEY  WORDS:     scallops,  gametogenesis.  Argopecten  purpiiranis.  reproduction,  adductor  muscle 


INTRODUCTION 

External  factors  that  control  the  reproductive  activity  of  scal- 
lops have  been  extensively  investigated,  but  less  research  has  been 
devoted  to  endogenous  factors,  Gametogenesis  is  an  energy- 
demanding  process  (Sastry  1979)  that  depends  on  the  catabolism 
of  substrates  for  its  occurrence.  Adductor  muscle  weight  decreases 
occur  during  gametogenesis  in  several  species  of  scallops,  such  as 
Chlamys  septemradiata  (Ansell  1974).  C,  operculahs  (Taylor  and 
Venn  1979),  Placopecten  magellanicus  (Robinson  et  al,  1981), 
Argopecten  irradians  concentricus  (Barber  and  Blake,  1981 ),  and 
Argopecten  irradians  irradians  (Epp  et  al.  1988),  suggesting  that 
the  adductor  muscle  is  a  storage  tissue  for  energetic  substrates  for 
this  process.  More  support  for  this  hypothesis  comes  from  studies 
of  Tabarini  (1984),  who  showed  higher  weight  of  adductor  muscle 
of  triploid  Argopecten  irradians  than  that  of  diploid  controls.  Not- 
withstanding, Paon  and  Kenchington  (1995)  have  shown  that  in 
contrast  to  wild  populations,  adductor  muscle  weight  did  not  de- 
cline when  P.  magellanicus  broodstock  were  submitted  to  artificial 
conditioning,  indicating  that  if  enough  exogenous  food  is  pro- 
vided, endogenous  stores  are  not  depleted. 

In  connection  with  the  site  of  substrate  storage  for  gametoge- 
nesis. biochemical  analysis  of  adductor  muscle  of  some  scallops 
has  shown  decreases  of  glycogen  accompanying  gonadal  matura- 
tion (Taylor  and  Venn  1979,  Barber  and  Blake  1981,  Robinson  et 
al.  1981)  suggesting  this  substrate  to  be  the  principal  metabolic 
fuel  used.  A  negative  correlation  between  gonad  index  and  carbo- 
hydrate content  has  been  shown  in  tissues  of  Argopecten  ptirpii- 
ratiis  (Martinez  1991),  supporting  the  metabolic  use  of  this  sub- 
strate during  gametogenesis. 

Gametogenesis  may  be  controlled  endogenously  through  regu- 
lation of  the  catabolism  of  these  substrates.  It  is  known  that  some 
biogenic  amines  increase  the  catabolism  of  some  substrates  (gly- 
cogen and  triacylglycerides)  through  cyclic  AMP  (cAMP)- 
dependent  phosphorylation  of  glycolytic  or  lipolytic  enzymes 
(Stryer  1988).  Seasonal  dynamics  of  some  monoamines  has  been 
described  for  some  pectinids  and  correlated  with  reproductive  ac- 


tivity (Osada  and  Nomura  1989,  Khotimchenko  and  Deridovich 
1991,  Paulet  et  al.  199.3),  and  Martinez  and  Rivera  (1994)  have 
related  the  gonadal  levels  of  these  monoamines  with  the  reproduc- 
tive activity  of /I.  purpuratus.  To  obtain  more  knowledge  about  the 
possible  role  of  adductor  muscle  tissue  involved  in  the  control  of 
the  gametogenic  process  of  A.  purpuratus,  we  investigated:  ( 1 ) 
muscular  glycogen  values  in  scallops  with  different  gonad  indexes; 
(2)  muscular  levels  of  serotonin  (5-HT),  dopamine  (DA),  and  nor- 
adrenaline (NA)  during  the  gonadal  recovery  period,  after  spawn- 
ing; (3)  levels  of  cAMP  during  (he  same  process;  and  (4)  variations 
in  cAMP  levels  in  response  to  exogenous  application  of  DA. 

MATERIALS  AND  METHODS 

Adductor  muscles  were  obtained  from  cultured  scallops  com- 
ing from  hanging  cultures  in  Coquimbo,  Chile  (30'i7'S).  Repro- 
ductive condition  of  animals  was  evaluated  with  a  gonadal  index, 
determined  as  the  percentage  of  the  total  tissue  weight  that  con- 
sisted of  gonad  (Giese  1969).  For  analysis  of  amines  and  cAMP.  a 
group  of  scallops  were  induced  to  spawn  and  returned  to  the  hang- 
ing cultures.  Samples  (four  scallops  each  time)  were  obtained  each 
7  days  after  the  spawning  until  animals  spawned  again  (this  time, 
spontaneously).  The  last  sample  was  obtained  just  before  this 
spontaneous  spawn.  The  progress  of  gonadal  recovery  was  moni- 
tored by  gonad  index  and  histological  observations.  The  time  of 
gonadal  recovery  was  25  days  for  the  experiment  of  amines  analy- 
sis and  29  days  for  the  experiment  of  cAMP  analysis. 

Glycogen  was  measured  in  samples  of  adductor  muscle  by  the 
phenol-sulfuric  acid  method  of  Dubois  et  al.  (1956)  as  modified  by 
Martinez  (1991).  These  samples  corresponded  to  individual  scal- 
lops and  were  obtained  in  spring  and  summer. 

For  analysis  of  amines,  adductor  muscle  tissue  was  homog- 
enized in  perchloric  acid,  and  NA  and  DA  were  separated  by 
adsorption  on  alumina  and  measured  by  spectrofluorometric  analy- 
sis after  oxidation  with  iodine  solution.  5-HT  was  extracted  with 
alkaline  butanol  and  measured  by  spectrotluorometry  after  its  re- 
action with  ninhidrin  (Martinez  and  Rivera  1994). 
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Figure  1.  Content  of  glycogen  (|ag/'iig  dry  weight)  in  adductor  muscle 
of  A.  piirpiiratus  in  different  states  of  gonadal  ripeness. 


For  cAMP  measurements,  muscle  tissue  was  minced  and  small 
portions  of  minces  were  suspended  in  0.75  mL  of  seawater.  Pro- 
teins were  precipitated  with  3  M  perchloric  acid  (up  to  1  mL.  final 
volume).  After  centrifugation  at  2.000  g  for  8  min.  supematants 
were  neutralized  with  5  N  KOH  and  stored  frozen  at  -20°C  for 
later  cAMP  assay.  Pellets  were  redissolved  in  1  N  NaOH  for 
protein  assay  by  Lowry  et  al.  (1951).  cAMP  was  assayed  by  a 
method  based  on  competitive  binding,  where  'H-labeled  and  un- 
labeled cAMP  compete  for  a  cAMP-binding  protein  (Martinez  et 
al.  1997). 

To  evaluate  the  response  of  muscle  to  DA.  minces  of  this  tissue 
were  incubated  with  10"'  M  DA,  after  which,  the  tissue  was  pro- 
cessed as  described  for  measurements  of  cAMP.  This  response  is 
shown  as  a  variation  index,  described  as: 


Variation  index  =  ■ 


[cAMP]  with  DA  -  [cAMP]  control 


cAMP]  control 


(I) 


RESULTS 

Relationship  Between  Gonadal  Index  and  Glycogen  Content  of 
Adductor  Muscle 

Gonadal  index  ranged  between  6  and  13%  for  those  scallops 
sampled  in  spring  and  between  18  and  29%  for  those  sampled  in 
summer.  Muscle  glycogen  level  ranged  between  245.64  and  74.27 
jjLg/mg  dry  weight  for  the  first  group  of  scallops  and  between  35.13 
and  13.3  |Jig/mg  dry  weight  for  the  second  group.  There  was  a 
negative  correlation  between  the  tissue  content  of  glycogen  and 
gonad  index  (GI)  (Fig.  I).  This  correlation  is  described  by  the 
following  equation: 

In  [glycogen]  =  5.869  -  0.1253  GI.  where  (2) 

r  =  0.866.  (//'=  16.  and  p  <  O.OI . 

Analysis  of  Monoamine  Values  in  Muscle  During  Gonadal  Recovery 

The  analysis  of  monoamines  ni  the  muscle  of  A.  purpunitus 
showed  that  the  levels  of  5-HT  were  more  than  10  times  higher 
than  tho.se  of  DA  and  NA  but  that  the  values  of  the  three  amines 
increased  as  gametogenesis  proceeded  (Fig.  2).  The  maximal  in- 
crease of  5-HT  content  was  between  Days  8  and  16.  and  the 
greatest  increase  of  both  catecholamines  values  was  when  gonadal 
recovery  was  more  advanced  and  scallops  were  ready  to  spawn. 


a  16 

Days  after  spawning 

Figure  2.  Levels  of  DA  (dotted  line),  NA  (dashed  line),  5-HT  (straight 
line)  in  adductor  muscle  of  A.  purpuratus  at  different  times  during 
gonadal  recovery. 

Analysis  ofcAMP  Levels  During  Gonadal  Recovery 

The  levels  of  cAMP  in  adductor  muscle  of  scallops  followed  a 
temporal  cour.se  similar  to  that  of  monoamines.  The  values  of  the 
nucleotide  remained  fairly  constant  over  the  experimental  period 
and  increased  more  than  three  times  toward  the  end  of  gonadal 
recovery  (Fig.  3).  When  minces  of  the  muscular  tissue  were  incu- 
bated with  DA,  the  amine  did  not  increase  the  values  of  cAMP 
during  the  first  weeks  of  gonad  maturation  but  induced  a  sharp  rise 
(about  nine  times)  in  the  levels  of  the  nucleotide  when  the  gonad 
had  attained  its  maximal  ripeness  (Fig.  3).  just  before  spontaneous 
spawning. 

DISCUSSION 

Consistent  with  the  hypothesis  that  carbohydrates  from  adduc- 
tor muscle  are  consumed  as  fuels  during  the  gametogenic  process, 
the  analysis  of  muscular  glycogen  levels  in  scallops  showed  an 
inverse  relationship  with  the  ripeness  of  the  gonad.  Gonadal 
growth  of  Peclen  iiuLxiiims  (Comely  1974).  Clilamys  seplemra- 
diata  (Ansell  1974).  and  C.  opercukms  (Taylor  and  Venn  1979) 
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Figure  3.  Levels  of  cAMP  (straight  line)  in  adductor  muscles  of  .4. 
purpuratus  and  variation  index  (dashed  line)  of  these  levels  when  tissue 
was  incubated  with  10  '  M  1).\  at  different  times  during  gonadal 
recovery. 
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has  been  shown  lo  be  supported  b>  muscle  reserves,  mainly  car- 
bohydrates. In  addition.  Barber  and  Blake  ( 1985).  through  analysis 
of  O/N  values  and  RQ  indices,  established  that  A.  imulitins  cdii- 
centriciis  catabolized  primarily  carbohydrates  during  the  initial 
stages  of  gametogenesis  and  then  changed  to  protein  use.  Epp  et  al. 
(1988)  showed  that  muscle  carbohydrate  made  an  insignificant 
contribution  to  the  energy  demand  during  reproduction  of  A.  irra- 
diatis  incidians:  instead,  this  demand  was  supplied  mainly  at  the 
expense  of  adductor  muscle  protein  and  lipid  reserves.  No  rela- 
tionship with  gonad  condition  has  been  found  for  pn>leins  or  lipids 
of  muscle  in  A.  pwpuratus  (Martinez  1991). 

We  know  no  other  report  about  measurements  of  monoamine 
levels  in  muscles  of  molluscs  and  their  possible  relationship  with 
the  reproductive  activity.  Variations  on  the  levels  of  these 
monoamines  in  connection  with  reproduction  have  been  measured 
in  gonads,  nervous  tissue,  and  gills  of  some  pectinids  (Osada  and 
Nomura  1989.  Khotimchenko  and  Deridovich  1991.  Paulet  et  al. 
1993.  Martinez  and  Ri\era  1994).  but  they  have  not  been  related  to 
mobilization  of  energv  substrate  for  gametogenesis.  These  results 
on  a  A.  purpuratus  show  that  muscular  monoamine  levels  in- 
creased as  gonadal  recovery  advanced  and  that  these  increases  are 
accompanied  by  increases  in  cAMP  levels.  It  is  known  that  some 
monoamines,  such  as  catecholamines  and  5-HT.  activate  the  en- 
zyme adenylyl  cyclase,  enhancing  the  level  of  cAMP  (Stryer 
1988).  This  effect  has  been  shown  in  several  tissues  of  molluscs 
(Weiss  and  Drummond  1981.  Scheide  and  Dietz  1986.  Khotim- 
chenko and  Deridoxich  1989.  Martinez  et  al.  1997).  and  these 
results  demonstrating  the  enhancement  of  cAMP  with  DA  con- 
firm it. 

Considering  the  particularly  high  energy  demand  during  game- 
togenesis. both  for  maintenance  of  the  animal  and  for  gamete 
synthesis,  we  can  hypothesize  that  the  control  of  the  mobilization 
of  those  substrates  that  supplies  energy  for  these  processes  could 
be  a  principal  point  in  the  endogenous  control  of  gametogenesis. 
This  control  might  be  through  monoamines,  which  would  increase 
the  le\  els  of  cAMP.  This  nucleotide  would  induce  the  phosphor- 


ylation of  glycolytic  enzymes,  and  consequently,  these  enzymes 
would  be  activated,  increasing  catabolism  of  substrates.  This  cas- 
cade of  events  would  be  similar  to  that  described  for  vertebrates 
(Fisher  et  al.  1970.  Stryer  1988).  An  increase  of  cAMP  level  in  the 
pyloric  caeca  of  Asterias  rubens  in  the  course  of  gametogenesis 
has  been  shown  to  occur  simultaneously  with  a  decrease  of  this 
organ  index  (Voogt  and  Van  Rheenen  1984);  the  pyloric  caeca 
fulfills  the  function  of  depot  of  trophic  material  for  gametogenesis. 
On  the  other  hand.  Michaelidis  et  al.  ( 1993)  have  shown  that  the 
perfusion  of  the  ventricles  of  the  bivalve  Anodonta  cygnea  with 
5-HT  increased  the  proportion  of  the  active  form  of  glycogen 
phosphorylase  and  the  content  of  glycolytic  intermediates.  In  P. 
maxinms.  the  inactive  form  of  the  enzyme  glycogen  phosphorylase 
from  muscle  has  been  shown  to  be  converted  to  the  active  form 
through  phosphorylation  by  means  of  the  enzyme  phosphorylase 
kinase  (Vazquez-Baanante  and  Rosell-Perez  1979a).  Maximal  ac- 
tivity of  muscular  glycogen  phosphorylase  has  been  detected  co- 
incident with  the  period  of  high  gametogenic  activity  in  P.  inaxi- 
inus  (Vazquez-Baanante  and  Rosell-Perez  1979b).  Zaba  (1981 )  has 
shown  that  the  activities  of  enzymes  for  glycogen  degradation 
(phosphorylase.  phosphoglucomutase,  and  amyloglucosidase).  in 
the  mantle  of  Mylihts  edulis.  increase  at  the  end  of  the  gametogenic 
period,  coincident  with  decreases  of  tissue  glycogen  levels. 

These  results  confirm  the  role  of  adductor  muscle  as  the  source 
of  energetic  substrate  for  gametogenesis.  The  facts  that  the  major 
increases  of  monoamine  and  cAMP  levels  occur  when  gonadal 
recovery  is  advanced  and  that  DA  does  not  increase  the  level  of 
cAMP  until  the  last  stage  of  gonadal  recovery  suggest  that  the 
most  important  role  of  muscle  as  supplier  of  fuels  for  gametoge- 
nesis is  when  this  process  is  attaining  its  completion. 
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ABSTRACT  This  study  examined  the  extent  of  genetic  ditterentiation  between  two  geographically  close  beds  (shallow  and  deep)  of 
sea  scallop  {Placopeaen  inagfllaiucus  Gmelinl  from  Sunnyside.  Trinity  Bay.  Newfoundland,  with  cDNA  probes  and  microsatellite 
markers.  Scallops  from  the  deep  bed  had  been  shown  to  display  lower  oxygen  con.sumption.  higher  filtration  rate,  and  lower  somatic 
and  gamete  production  ;/)  .v//i(  than  did  scallops  from  the  shallow  bed.  but  differences  m  filtration  rate  were  no  longer  found  after 
laboratory  acclimation.  With  three  cDNA  probes  and  three  microsatellite  markers,  no  genetic  differences  were  found  between  the 
shallow  and  deep  scallops  collected  in  1991.  1992.  or  1994.  This  study  suggests  that  the  physiological  differences  observed  in  situ 
between  these  scallop  beds  appear  to  be  mainly  related  to  less  favorable  environmental  conditions  associated  w ith  deeper  water  rather 
than  the  result  of  genetic  differentiation.  The  use  of  genetic  markers  allowed  us  to  clarify  the  level  of  differentiation  between 
physiologically  distinct  but  proximate  beds  of  sea  scallops. 
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INTRODUCTION 

The  sea  scallop  Placopecten  magelkmiciis  (Gmelin)  is  found  in 
the  northwest  Atlantic  from  Newfoundland  to  Virginia.  The  spe- 
cies forms  spatially  discrete  aggregates  or  beds  that  provide  the 
basis  for  an  important  commercial  fishery  in  Canada  and  that  are 
presently  being  treated  as  individual  stocks  (Gjetvaj  et  al.  1997).  It 
has  often  been  assumed  that  the  e.xistence  of  a  pelagic  larval  phase 
in  the  life  cycle  of  many  marine  invertebrates,  including  scallop, 
facilitates  large-scale  dispersal  and  results  in  high  gene  flow  be- 
tween populations,  particularly  when  geographically  close.  How- 
ever. Lewis  and  Thorpe  (1994)  found  temporally  stable  and  sig- 
nificantly different  allozyme  allelic  frequencies  between  various 
queen  scallop  beds  in  the  Irish  Sea.  including  some  closely  located 
beds  around  the  Isle  of  Man.  They  concluded  that  these  popula- 
tions may  be  predominantly  self-recruiting,  a  hypothesis  supported 
by  some  hydographic  data.  Todd  et  al.  (1988)  reported  large  and 
temporally  stable  genetic  heterogeneity  among  closely  located 
populations  (-3  km)  of  an  intertidal  nudibranch  mollusc.  They 
concluded  that  realized  dispersal  and  concomitant  gene  flow  was 
much  smaller  that  expected,  possibly  because  larval  settlement  in 
nature  was  much  faster  than  could  have  been  inferred  from  the 
larval  culture  observations  alone.  Significant  genetic  differences 
with  allozyme  markers  were  also  found  between  two  populations 
of  the  great  scallop  Pecten  maximus  from  two  relatively  close  bays 
(Brest  and  St.  Brieuc.  approximately  250  km  apart)  in  Brittany. 
France  (Paulet  et  al.  1988).  Mackie  and  Ansell  (1993)  studied  the 
physiology  and  larval  development  of  the  same  two  populations 
with  cross-transplantation  experiments  and  showed  that  they  were 
reproductively  different.  Small-scale  genetic  patchiness  has  also 
been  described  in  several  marine  organisms  with  planktonic  dis- 
persal (Johnson  and  Black  1982.  Johnson  and  Black  1984.  Watts  et 
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al.  1990),  but  in  these  cases,  the  ephemeral  genetic  heteterogeneity 
appeared  to  arise  from  vagaries  of  recruitment  and  small  effective 
population  size  rather  than  frotn  the  existence  of  a  barrier  to  gene 
flow. 

Here,  we  assessed  the  extent  of  genetic  differentiation  on  a 
microgeographic  scale,  between  two  geographically  close  ( 1  km), 
but  depth-stratified  beds  of  sea  scallops  in  Sunnyside.  Trinity  Bay, 
Newfoundland  (47"5rN,  53°55'W).  Variations  in  the  ecological 
energetics  of  scallops  were  shown  to  exist  in  situ  between  these 
two  beds:  scallops  from  the  deep  bed  had  been  shown  to  display 
lower  oxygen  consumption,  higher  filtration  rate,  and  lower  so- 
matic and  gamete  production  in  situ  than  did  scallops  from  the 
shallow  bed  (MacDonald  and  Thompson  1986).  These  physiologi- 
cal variations  could  be  largely  environmental  but  may  also  be 
genetically  controlled  as  well  (Thompson  and  MacDonald  1991). 
Larvae  produced  from  parents  from  the  same  shallow  and  deep 
scallop  beds  and  reared  in  a  common  environment  displayed  dif- 
ferences in  growth  and  behavior  in  response  to  pressure  changes, 
which  suggested  genetic  differences  between  the  two  beds  (Guan 
1993).  Hydrographic  mechanisms  may  cause  larval  retention 
within  a  very  small  area  (Brand  1991).  such  as  in  this  highly 
stratified  bay.  and  could  lead  to  reproductive  isolation  between  the 
two  beds. 

Two  types  of  genomic  single-locus  DNA  markers  have  been 
recently  developed  for  P.  magellanicus:  complementary  DNA  or 
cDNA  probes  (Pogson  and  Zouros  1994)  and  microsatellite  mark- 
ers (Gjetvaj  et  al.  1997).  Both  types  of  markers  are  considerably 
more  variable  than  electrophoretic  and  mitochondrial  (mt)  DNA 
markers,  and  microsatellites  in  particular  are  increasingly  used  for 
population  genetic  characterization  for  a  wide  range  of  species 
(Bruford  and  Wayne  1993,  Wright  and  Bentzen  1994.  O'Reilly 
and  Wright  1995.  Pogson  et  al.  1995,  O'Connell  and  Wright 
1997).  Microsatellites  are  composed  of  arrays  of  tandemly  re- 
peated blocks  of  two.  three,  or  four  base  pairs.  Length  variation  at 
these  loci  is  usually  due  to  increases  or  decreases  in  repeat  number. 
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and  the  high  level  of  variation  often  seen  at  these  loci  is  due  to  high 
rates  of  mutation  (Wright  1993,  O'Reilly  and  Wright  1995).  Varia- 
tion at  cDNA  loci  may  be  due  to  the  presence  of  a  Variable 
Number  of  Tandem  Report  (VNTR)  locus  (AA)  (minisatellite) 
and/or  to  the  presence  or  absence  of  a  restriction  site  (Pogson  and 
Zouros  1994).  Microsatellite  markers  and  cDNA  probes  were  used 
in  this  study  to  examine  the  extent  of  genetic  differentiation  be- 
tween the  shallow  and  deep  scallop  beds  in  Sunnyside.  Trinity 
Bay,  Newfoundland. 

MATERIALS  AND  METHODS 

Blood  samples  were  obtained  from  22  sea  scallops  collected 
from  the  shallow  (n  =  8)  and  deep  (n  =  14)  beds  in  Sunnyside. 
Trinity  Bay,  Newfoundland,  in  1991.  Additional  muscle  tissue  was 
collected  from  9  shallow  and  12  deep  scallops  shipped  from  Sun- 
nyside in  1992.  Divers  went  back  to  the  Sunnyside  site  in  1994  but 
removed  only  25  individuals  each  from  both  the  deep  and  the 
shallow  beds,  because  there  were  indications  that  the  two  beds 
were  being  seriously  depleted. 

Total  DNA  was  isolated  from  ethanol-preserved  blood  samples 
for  the  1991  collection  and  from  frozen  muscle  tissue  for  the  1992 
and  1994  collections,  following  the  salt-extraction  procedure  of 
Signer  et  al.  (1988).  Scallops  from  the  1991  collection  were  as- 
sayed for  genetic  variability  with  three  cDNA  probes  (PM3I8, 
PM322,  and  PM388)  that  detect  a  single-locus  VNTR  (Pogson  and 
Zouros  1994).  PM318  was  used  on  DNA  digested  with  Rsa\. 
PM322  on  DNA  digested  with  HaclU.  and  PM388  on  DNA  di- 
gested with  Hpall.  After  digestion,  all  samples  were  electropho- 
resed  on  0.8%  agarose  gels,  transferred  to  nylon  membranes,  and 
probed  with  one  of  the  three  labeled  with  digosigenin — 1 1-dVTP 
(DIG)  cDNA  inserts.  Detailed  protocol  of  detection  and  scoring  of 
polymorphism  can  be  found  in  Pogson  and  Zouros  { 1994),  whereas 
detailed  description  of  these  polymorphisms  appears  in  Pogson 
(1994).  Restriction  fragment  sizes  were  assigned  into  fixed  size 
"bins."  following  Pogson  and  Zouros  (1994). 

Scallops  from  the  1994  collection  were  assayed  for  genetic 
variability  with  three  microsatellite  loci  (Pma-130,  Pma-135.  and 
Pma-180),  whereas  scallops  from  the  1992  collection  were  assayed 
with  Pma-130  only.  Primer  sequences  as  well  as  detailed  ampli- 
fication and  scoring  protocols  appear  in  Gjetvaj  et  al.  ( 1997).  Each 
Individual  scallop  was  scored  on  an  8%  acrylamide  sequencing  gel 
with  an  Ml 3  sequence  as  a  size  standard.  The  polymerase  chain 
reaction  products  with  the  Pma-135  marker  ranged  in  size  from 
about  250  base  pairs  to  about  400  base  pairs  and  were  distributed 
in  two  discontinuous  classes.  Pma-135  is  an  imperfect  tetranucle- 
otide  repeat  (Gjetvaj  et  al.  1997)  and  produces  no  stutter.  The 
spacing  between  the  different  alleles  is  quite  large  (multiple  of  four 
base  pairs),  and  every  allele,  including  the  large  ones,  could  ac- 
curately be  separated.  No  binning  was  performed.  However,  as 
was  noted  by  Gjetvaj  et  al.  (1997),  accurate  determination  of 
length  of  the  large-class  alleles  to  the  nearest  base  pair  is  not 
always  possible  because  the  reference  M13  sequence  tended  to  be 
blurry  at  these  large  sizes.  We  have  thus  assigned  to  the  larger 
alleles  (>292  base  pairs)  a  letter  instead  of  an  exact  base  pair  size. 
A  letter  denotes  exactly  one  allele,  and  no  loss  of  information  is 
incurred  for  the  statistical  analysis. 

The  number  of  alleles  present  and  observed  heterozygosity 
were  calculated  for  each  bed,  at  each  locus.  Conformity  to  Hardy- 
Weinberg  equilibrium  and  test  of  homogeneity  of  allelic  distribu- 
tion between  the  scallops  fnim  the  deep  and  shallow  beds  for  each 


locus  could  not  be  tested  by  standard  statistics  because  of  the  very 
low  genotype  and  allele  counts  as  the  resuh  of  low  sample  size  and 
the  high  observed  number  of  alleles.  Genotype  frequencies  were 
tested  for  conformity  to  Hardy-Weinberg  equilibrium  with  the 
GENEPOP  program  (Raymond  and  Rousset  1995).  This  program 
calculates  the  expected  and  observed  number  of  homozygotes  and 
heterozygotes  and  tests  the  significance  of  the  deviation  from 
Hardy-Weinberg  equilibrium  by  the  Markov  chain  method  pro- 
posed by  Guo  and  Thompson  (1992),  hence  taking  care  of  the 
small  sample  sizes.  It  also  provides  estimates  of  E,.,,  following 
Weir  and  Cockerham  ( 1984).  Tests  of  heterogeneity  between  beds 
were  performed  by  use  of  two  methods:  the  GENEPOP  program, 
which  tests  for  independence  between  rows  and  columns  of  a 
populations  \  alleles  counts  contingency  table  following  a  modi- 
fied Markov  chain  approach  {Guo  and  Thompson  1992).  and  the 
MONTE  program  (Version  4.0,  available  in  the  REAP  package 
from  Borland  International),  which  calculates  a  x"  value  and  tests 
for  its  significance  by  a  Monte  Carlo  simulation  approach  as  de- 
scribed in  Roff  and  Bentzen  (1989).  Individual  tests  were  adjusted 
by  use  of  the  Bonferroni  approximation. 

RESULTS  AND  DISCUSSION 

In  the  1991  collection,  7,  19.  and  15  different  alleles  were 
observed  when  using  cDNA  probes  PM318,  PM322,  and  PM388, 
respectively  (Eig.  la-c).  These  same  cDNA  probes  identified  5, 
41,  and  28  alleles,  respectively,  in  222  sea  scallop  spat  collected 
from  another  population  in  Passamaquoddy  Bay,  in  the  lower  sec- 
tion of  the  Bay  of  Fundy.  New  Brunswick,  Canada  (Pogson  and 
Zouros  1994).  Medium  to  high  heterozygosity  levels  were  ob- 
.served  with  every  cDNA  marker  in  both  beds  in  1991  (Table  1) 
and  are  similar  to  those  reported  by  Pogson  and  Zouros  (1994)  for 
the  Passamaquoddy  Bay  population.  Genotype  frequencies  were 
found  to  conform  to  Hardy-Weinberg  expectations  at  each  locus 
for  each  bed.  The  slight  heterozygote  deficiency  observed  for  the 
deep  bed  with  locus  PM318  (Table  I)  is  not  significant  by  the 
Bonferroni  correction  for  14  tests  in  Table  1. 

In  the  1992  collection,  14  alleles  were  observed  when  using 
microsatellite  Pma-130  (Eig.  Id),  whereas  25  alleles  were  ob- 
served in  the  1994  collection  (Eig.  le).  In  the  1994  collection.  31 
alleles  were  observed  with  microsatellite  Pma-135  and  4  were 
observed  with  Pma-180  (Eig.  If  and  g).  These  allele  numbers  are 
very  similar  to  those  reported  by  Gjetvaj  et  al.  (1997)  (24,  30,  and 
6  alleles  with  Pma-130,  Pma-135,  and  Pnia-180,  respectively) 
from  a  larger  collection  of  scallops  from  Browns  Bank,  located 
about  100  km  south  of  Yarmouth,  Nova  Scotia.  High  heterozy- 
gosity levels  were  observed  for  Pma-130  and  Pma-135  in  the  1992 
and  1994  collections,  whereas  a  medium  heterozygosity  level  was 
observed  with  Pnia-180  (Table  1 ).  This  is  similar  to  the  heterozy- 
gosity levels  reported  by  Gjetvaj  et  al.  ( 1997)  for  the  Browns  Bank 
population.  In  1994,  the  shallow  bed  showed  an  excess  of  observed 
homozygotes  (six)  compared  with  the  expected  two  for  probe 
Pma-135,  which  is  significant  after  Bonferroni  correction  for  14 
tests  in  Table  1.  Eive  out  of  the  six  homozygotes  were  homozygous 
for  the  most  common  allele.  In  every  other  cases,  genotype  fre- 
quencies were  found  to  be  in  conformity  with  Hardy-Weinberg 
expectations  (Table  I ).  Significant  heterozygote  deficiencies  have 
been  reported  in  many  populations  of  bivalves  (Zouros  and  Eoltz 
1984)  and  were  also  observed  in  the  Browns  Bank  scallop  popu- 
lation for  four  of  seven  microsatellite  loci  including  Pma-135 
(Gjetvai  el  al.  1997).  Significant  deviation  from  Hardy-Weinberg 
expectations  may  renccl  population  admixture  or  other  pattern  of 
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Figure  1.  (a-g)  Allelic  frequencies  observed  with  cDN.A  probes  PM3I8,  PM322,  and  PM388  (a.  b.  and  c)  and  microsatellites  Pma-130  (d,  e), 
Pma-135  (f),  and  Pma-180  (g)  of  scallops  from  the  shallow  and  deep  beds  collected  in  1991,  1992.  or  1994. 
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TABLE  1. 
Conformity  to  Hardy-Weinberg  equilibrium  expectation. 


Collection 

Shallow  Bed 

Deep  Bed 

Year  and 

Loci 

N 

N„v 

H,. 

F^, 

D 

P 

N 

Hv 

N„ 

•■is 

D 

P 

1991 

PM318 

8 

4 

0.63 

0.103 

-0.096 

0.363 

14 

6 

0.57 

0.16) 

-0.156 

0.026 

PM322 

8 

11 

1.00 

-0.067 

0.062 

>0.999 

14 

13 

0.79 

0.159 

-0.154 

0.259 

PM388 

8 

8 

0.75 

0.152 

-0.143 

0.598 

14 

13 

0.93 

0.003 

-0.003 

0.890 

1992 

Pma- 1 30 

9 

9 

0.78 

0.138 

-0.132 

0.493 

12 

11 

0.92 

-0.004 

0.004 

0.929 

1994 

Pma- 130 

24 

19 

1 .00 

-0.084 

0.083 

0.232 

24 

20 

0.96 

-0.015 

0.015 

0.956 

Pma- 1 35 

20 

17 

0.70 

0.227 

-0.222 

<0.001* 

25 

23 

0.88 

0.056 

-0.055 

0.657 

Pma- 180 

25 

3 

0.44 

-0.158 

0.154 

0. 1 70 

25 

4 

0.40 

-0.079 

0.076 

0.528 

The  degree  of  deviation  of  genotype  frequencies  from  Hardy-Weinberg  equilibrium  is  described  by  the  fixation  mdex  F,,  and  the  index  D.  where  D  = 

(H„  -  H^l/Hj.  A  deficiency  of  heterozygotes  against  expectations  is  indicated  by  a  negative  value  of  D  and  a  positive  value  of  F„. 

N.  sample  size;  N^.  number  of  alleles;  H„.  observed  heterozygosity;  H^..  expected  heterozygosity;  P.  probability  of  being  wrong  when  rejecting  the  null 

hypothesis  (i.e.,  Hardy-Weinberg  equilibrium),  before  Bonferroni  corrections. 

*  Comparisons  significant  after  Bonferroni  correction  for  14  tests. 


nonrandom  mating.  Alternatively,  heterozygosity  deficiency  may 
be  due  to  the  presence  of  null  alleles,  which  are  being  increasingly 
reported  (Paetkau  and  Strobeck  1995,  Pemberton  et  al.  1995, 
O'Connell  and  Wright  1997).  At  least  one  such  null  allele  was 
observed  in  a  separate  scallop  mating  experiment  (Herbinger  pers. 
obs.). 

Allelic  frequency  distributions  were  not  significantly  different 
between  scallops  from  the  shallow  and  deep  beds  with  any  of  the 
three  cDNA  probes  or  with  any  of  the  microsatellite  probes  (Table 
2).  The  seven  comparisons  had  similar  probability  levels  by  the 
Monte  Cario  simulation  or  the  Markov  chain  approach.  For  the 
1992  and  1994  collections,  the  same  analyses  were  also  performed 
using  only  animals  from  the  same  dominant  birth  year  classes 
(1980-1983)  to  eliminate  the  possible  effect  of  different  age  co- 

TABLE  2. 

Comparison  of  allelic  frequency  dislribulion  between  the  scallops 

from  the  shallow  and  deep  beds  in  Sunnyside,  Trinity  Bay, 

Newfoundland,  with  three  cDNA  and  three  microsatellite  markers. 

Data  were  analyzed  by  a  Monte  Carlo  and  a  .Markov  chain 

approach  (see  Materials  and  Methods). 


Collection 

Year 
and  Probes 


Type  of 
Probe* 


Sample  Size 
Shallow        Deep 


Monte 

Carlo 

p  Valuet 


Markov 

Chain 

p  Valuet 


1991 

PM318 

A 

PM322 

A 

PM388 

A 

1992 

Pma- 130 

B 

1994 

Pma- 130 

B 

Pma- 135 

B 

Pma- 180 

B 

24 
20 

25 


14 

0.203 

0.230 

14 

0.383 

0.493 

14 

0.523 

0.534 

24 
25 

25 


0.105 

0.611 
0.157 
0.636 


0.123 

0.561 
0.178 
0.715 


*  A.  cDNA  probe;  B.  micro.satellite. 

t  p.  probability  of  being  wrong  when  rejecting  the  null  hypothesis  (i.e.. 

population  homogeneity). 


horts  between  the  shallow  and  deep  beds  within  each  collection. 
The  same  results,  i.e.,  no  significant  differences  between  the  scal- 
lops from  the  shallow  and  deep  beds,  were  seen  in  the  various 
collections.  In  addition,  there  was  no  significant  difference  be- 
tween the  shallow  and  deep  1992  and  1994  collections  with  probe 
Pma- 1 30,  either  with  all  of  the  data  or  the  dominant  year  classes 
(Table  3).  These  results  seem  to  indicate  both  absence  of  strong 
genetic  differentiation  between  the  two  beds  and  temporal  stability 
of  the  allelic  frequencies.  It  should  be  noted,  however,  that  the 
small  samples  sizes  in  this  study  obviously  limit  the  power  of  the 
statistical  tests  used  to  detect  spatial  heterogeneity. 

Protein  electrophoretic  markers  and,  to  a  limited  extent. 
mtDNA  markers  have  both  been  used  in  generally  unsuccessful 
attempts  to  discriminate  scallop  stocks  in  the  Maritime  Provinces 
of  Canada  (see  review  of  Beaumont  and  Zouros  1991 ).  Microsat- 
elliles  and  cDNA  markers  have  been  shown  to  detect  levels  of 
genetic  differentiation  comparable  to  or  greater  than  allozyme  and/ 
or  mtDNA  markers  for  several  salmonids  and  for  Atlantic  cod 
(Pogson  et  al.  1995,  Bentzen  et  al.  1996,  Ruzzante  et  al.  1996, 
O'Connell  and  Wright  1997).  In  particular,  several  microsatellite- 
based  studies  have  detected  significant  differences  among  geo- 
graphically close  salmonid  populations  even  with  small  sample 
sizes  (McConnell  et  al.  1995,  Herbinger  pers.  obs.).  Studies  with 

TABLE  3. 

Comparison  of  allelic  frequency  distribution  between  the  scallops 

collected  in  1992  and  1994  from  Sunnyside,  Trinity  Bay, 

Newfoundland,  with  microsatellite  Pma- 130. 


Sample  Size 


Bed 


1992 


1994 


p  Value 


All  data 

Shallow 

Deep 
Dominant  year  classes  ( 1980-1983) 

Shallow 

Deep 


9 

12 


24 
24 

9 

18 


0.742 
0,942 


0.998 
0.730 


Absence  of  Genetic  Dieeerentiation  in  P.  magelianicus 
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mierosatellitc  and  other  nuclear  markers  on  scallops  in  particular 
and  shellfish  in  general  have  been  much  less  common  than  on  lish 
and  other  vertebrates,  and  so  far.  most  studies  have  reported  on  the 
de\elopnient  of  markers  rather  than  on  their  applications  to  popu- 
lation genetics  problems  (e.g..  Patwary  et  al.  1444.  Naciri  et  al. 
1995,  Tam  and  Komfield  1996.  Gjetvaj  et  al.  1997).  Manuel  et  al. 
(1996)  used  the  microsatellite  Pma-130  to  differentiate  .sea  scallop 
veligers  from  two  populations  raised  in  the  same  mesocosm.  They 
achieved  this.  ho\ve\er,  by  choosing  parents  with  specific  alleles. 
rather  than  h\  rcKing  on  population  differences  for  allelic  frequen- 
cies. 

This  stud\  lound  no  significant  differentiation  with  the  various 
DNA  markers,  which  seems  to  imply  that  the  two  populations  are 
not  well-isolated  stocks,  differentiated  across  large  parts  of  their 
genomes.  However,  the  physiological  differences  observed  in  situ 
may  still  be  genetically  based.  There  may  be  sufficient  gene  flow 
to  keep  allele  frequencies  of  neutral  markers  (such  as  the  micro- 
satellite  and  cDNA  markers  used)  uniform,  combined  with  suffi- 
cient selection  to  cause  genetic  differentiation  of  important  adap- 
tive variation.  In  a  parallel  laboratory  study,  scallops  from  these 
two  geographically  close  but  physiologically  distinct  beds  of  Sun- 
nyside  were  acclimated  in  the  same  environment.  This  parallel 
study  showed  that  the  differences  in  feeding  rates  (clearance  rate) 
that  were  seen  between  the  two  beds  in  situ  did  not  exist  after  1 1 
months  of  acclimation  in  the  same  laboratory  environment  (Ver- 
caemer  1995).  These  results  appear  to  imply  that  the  differences 
shown  in  situ  were  mainly  determined  by  the  environment  rather 
than  controlled  by  genetic  factors.  The  absence  of  genetic  differ- 
ences in  this  study  and  the  disappearance  of  physiological  differ- 
ences after  common  acclimation  suggest  that  these  two  beds  con- 
stitute probably  only  one  population  and  that  there  is  sufficient 
gene  flow  between  the  two  denies  to  prevent  any  detectable  ge- 
netic differentiation.  This  seems  to  contradict  the  study  of  Guan 
(1993)  on  these  same  scallop  beds  that  showed  that  larval  growth, 
survival  and  ingestion  rates,  and  behavioral  responses  to  pressure 
changes  reflected  the  parental  characteristics  in  terms  of  food 
availability  and  depth  distribution.  The  observations  reported  by 
Guan  (1993)  may  have  been  due  to  family  differences  in  larvae 
characteristics  rather  than  true  population  differences.  Guan  pro- 
duced larvae  in  typical  hatchery  mass  spawning,  and  this  often 
results  in  larvae  representing  very  few  families  (Hedgecock  1995). 
In  a  similar  mass  spawning  experiment  involving  four  females  and 
six  males,  a  single   female  contributed   839'r   of  the   larvae 


(Herbingez  unpubl.).  One  male  also  dominated  the  spawning,  so 
that  about  40%  of  the  larvae  were  shown  to  come  from  one  single 
family.  The  conclusions  of  Guan  (1993)  may  thus  have  been  drawn 
from  comparing  larvae  from  one  or  two  families  only  from  each 
bed. 

CONCLUSION 

This  study  does  not  support  the  hypothesis  that  local  beds  in 
Sunnyside  may  be  reproductively  isolated  and  genetically  different 
from  one  another.  There  is  probably  sufflcient  gene  flow  between 
the  two  studied  scallop  beds  to  prevent  strong  genetic  differentia- 
tion. The  life  cycle  of  P.  magellanicus,  with  relatively  .sessile  adult 
scallops,  suggests  that  gamete  or  larval  dispersal  is  the  main  con- 
duit of  gene  flow.  The  mobile  juvenile  phase  adds  perhaps  a  sec- 
ond level  of  gene  flow  in  promoting  sporadic  migrations  among 
beds,  although  such  movements  are  unlikely  to  be  active  and  di- 
rected. This  study  suggests  that  the  physiological  differences  ob- 
served in  situ  between  these  scallop  beds  appear  to  be  mainly 
related  to  less  favorable  environmental  conditions  associated  with 
deeper  water  rather  than  the  result  of  genetic  differentiation. 

This  study  highlights  the  value  of  undertaking  a  variety  of 
approaches  when  addressing  the  question  of  population  differences 
in  marine  bivalves  in  general  and  scallops  in  particular.  Oceano- 
graphic  modeling,  involving  cuiTent  flows  and  diffusion  at  the 
scale  of  a  single  bay.  should  be  integrated  with  ecology,  physiol- 
ogy, and  population  genetics.  It  also  highlights  the  need  for  more 
shellfish  population  genetics  studies  with  new  DNA  markers,  par- 
ticularly microsatellites. 
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ULTRASTRUCTURAL  MORPHOGENESIS  OF  PECTINID  SPAT  FROM  THE  WESTERN 
MEDITERRANEAN:  A  WAY  TO  DIFFERENTIATE  SEVEN  GENERA 
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ABSTRACT  Eight  scallop  species  were  idenlified  from  collectors  placed  at  three  depths  hi  the  western  Meditcnanean.  The  mor- 
phological characteristics  of  the  eight  small  spat  species  were  described.  The  classification  of  the  .scallop  spat  settled  on  collectors  was 
made  according  to  their  shell  contour,  number  of  ribs,  auricle  lengths,  sculpture  of  the  preradial  stage  in  the  left  valve,  hinge  length, 
and  height  of  the  prismatic  stage  on  the  right  valve.  Seven  genera  were  identified:  Pulliolum.  Pseiidamiissiiim,  Mimachlamys. 
Aeqiiipecleih  Perapecten.  Flexopecten.  and  Peaen. 

KEY  WORDS:     scallops,  collectors,  settlement,  spat,  identification,  morphometry,  ultrastructure.  scanning  electron  microscopy 


INTRODUCTION 

In  the  western  Mediterranean,  we  have  previously  confirmed 
the  presence  of  eight  pectinid  species  attached  to  filamentous  col- 
lectors (Peiia  et  al.  1994.  Peiia  et  al.  1996,  Pena  et  al.  1997).  Only 
three  of  the  species  are  commercially  important:  Aeijiiipecteu 
opercularis  (L.).  Mimachlamys  varia  (L.),  and  Pecten  jacohaeus 
(L.).  Spat  identification  is  needed  in  order  lo  separate  the  com- 
mercial species  from  those  of  no  value,  before  their  intermediate 
culture. 

In  Castellon.  Spain,  waters,  the  natural  spawning  of  Pecten 
jacohaeus  occurs  from  January  to  May  and  again  in  October.  A. 
opercularis  spawns  throughout  the  entire  year,  with  a  peak  be- 
tween January  and  April.  M.  varia  spawns  in  spring  and  summer, 
with  a  peak  in  March  and  April  (Peiia  et  al.  1996).  Therefore, 
commercial  collectors  are  normally  set  in  place  for  several  months, 
from  spring  to  autumn,  because  manipulation  of  spat  in  summer 
can  lead  to  death  due  to  the  high  water  temperature  (28°C)  at  the 
surface.  During  the  summer,  some  unwanted  pectinid  species 
spawn,  .such  as  Flexopecten  flexuasus  (Poll)  and  Pseudamiissiiim 
(Peplumj  clavatum  (Poll),  in  addition  to  A.  opercularis  and  M. 
varia.  All  of  these  spat  will  be  present  in  the  collectors  recovered 
in  autumn. 

It  is  very  difficult  to  identify  pectinid  spat  of  small  sizes  (1-,^ 
mm).  In  addition,  infonnation  within  the  literature  is  only  available 
for  identification  of  adult  specimens.  The  aim  of  this  study  was  to 
elucidate  the  identification  of  small  spat  by  a  binocular  microscope 
by  their  ultrastructural  characteristics. 

MATERIALS  AND  METHODS 

Collectors  were  placed  on  the  coast  of  Castellon.  Spain,  at  three 
stations:  (A)  in  deep  water  (70  m)  on  a  rocky  bottom  (40°0rN. 
0°26'E);  (B)  in  shallow  water  (20  m)  on  a  fine  sandy  bottom 
(40°07'N.  0°13'E);  and  (C)  in  intermediate  water  (50  m)  on  a 
gravel  bottom  (40"20'N.  0"40'E)  (Fig,  1 ).  Collectors  were  made  of 
a  nylon  mesh  bag,  40  x  30  cm  with  a  20  x  2  mm  mesh,  filled  with 
20  g  dry  weight  of  nylon  monofilament  (0.24  mm  in  diameter). 

To  obtain  the  spat,  collectors  were  washed  with  fresh  water  on 
a  200-fj.ni-pore-size  mesh  sieve.  Spat  were  preserved  in  70'7f  etha- 
nol  and  washed  in  a  solution  of  sodium  hypochlorite  to  remove  the 
flesh  (Goodsell  and  Eversole  1992,  Salaun  1994). 

Species  previously  identified  under  a  Zeiss  (SR)  binocular  mi- 


croscope were  mounted  on  an  aluminium  support,  coated  with 
gold-paladium  (Bio-Rad).  and  observed  in  a  Hitachi  S-4100  scan- 
ning electron  microscope  at  an  accelerating  voltage  of  5.0  KV. 
Images  were  processed  by  electron  microscope  image  processing 
software.  The  spat  were  examined  for  morphological  characteris- 
tics such  as  the  presence  of  radial  ribs  or  folds,  the  microsculpture 
of  the  left  early  preradial  stage,  the  length  of  the  hinge,  or  the  shell 
contour.  The  identification  and  classification  of  spat  were  per- 
formed according  to  Rombouts  (1991)  and  Wagner  (1991). 
whereas  the  phylogenetic  groups  of  scallops  were  classified  ac- 
cording to  Waller  (1991). 

Previous  field  studies  (Pena  et  al,  1997)  have  shown  that  some 
scallop  species,  like  P.  (Peplum)  clavatum  and  Perapecten  com- 
mutatus  (Monterosato)  prefer  deep  waters  (Stations  A  and  C), 
whereas  F.  flexuosus  and  Flexopecten  glaber  (L.)  attach  only  in 
shallow  waters  ( Station  B ).  However,  the  three  commercial  species 
and  Pallioliim  incomparahile  (Risso)  were  present  in  all  depths 
studied  between  20  and  75  m. 

SHELL  MORPHOLOGY 

Morphological  characteristics  of  Pectinidae  include  the  disk 
and  the  po.sterior  and  anterior  auricle.  The  symmetry  of  auricles 
indicates  a  free  and  swimming  life,  whereas  assymetry  indicates  an 
attachment  by  the  byssus  (Schein  1989),  The  shell  parameters 
measured  were;  the  anterior  auricle/posterior  auricle,  the  number 
of  ribs  or  folds,  the  disk  margins,  the  sculpture  of  the  preradial 
stage  in  the  left  valve,  the  microsculpture  between  the  ribs  and  the 
hinge  length  (Fig.  2).  the  height  of  the  prismatic  stage  on  the  right 
valve,  and  the  length  of  the  prodissoconch  II  (Fig.  3). 

RESULTS 

Eight  species  of  pectinids  were  identified  from  the  collectors: 
A.  opercularis.  M.  varia.  P.  jacohaeus.  P.  incomparahile.  P.  com- 
miilatus.  F.  flexuosus.  F.  glaher.  and  P.  {Peplum}  clavatum. 

The  posterior  auricles  of  P.  incomparahile  spat  form  an  obtuse 
angle  greater  than  1 15°  (Fig.  4A).  Valves  were  translucent,  slightly 
convex,  and  smooth  with  a  microsculpture  of  very  fine  radiating 
grooves  in  an  inverted  "V"  or  triangular  shape  (Fig.  4B).  Auricles 
were  almost  equal  in  size  to  anterior  auricles,  being  1.07-1,77 
times  as  large  as  posterior  ones  (mean,  1 .466  ±0.1  19).  On  the  right 
valve,  the  pitted  microsculpture  appeared  0.878  ±  0.06  mm  from 
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Figure  1.  Locations  of  collector  deployment. 


Figure  3.  Terminology  of  the  right  valve  of  a  scallop. 


the  beak  (ranging  between  0.731  and  1.033  mm)  (Fig.  4C).  The 
mean  length  of  the  prodis.soconch  was  0.232  ±  0.014  mm  (ranging 
from  0. 1 87  to  0.274  mm).  The  byssal  notch  of  the  right  valve  was 
deep  (Fig.  4D).  Color  pattern  was  variable,  including  a  unifoim 
straw  grade,  spotted,  or  with  zigzag  or  irregular  patches  in  brown, 
purple,  red,  orange,  yellow,  and  white. 

P.  (Peplum)  clavalum  was  distinguished  from  the  M/- 
machlamys  group  by  the  microsculpture  of  the  preradial  stage  of 
the  left  valve,  composed  of  radial  and  concentric  riblets  forming  a 
grid,  although  never  forming  pits  (Fig.  5B).  Valves  are  not  trans- 
lucent and  are  inequivalve,  and  the  auricles  are  almost  equal  in  size 
(Fig.  5A).  with  anterior  auricles  0.94-1.58  times  as  large  as  pos- 
terior ones  (mean,  1.23  +  0.11).  Posterior  and  anterior  auricles  of 
both  valves  had  concentric  grooves  forming  prickly  scales.  Left 
valves  had  five  primary  ribs  with  erect  prickly  scales  and  several 
secondary  ribs  or  riblets  with  a  swell  crossed  by  concentric  riblets. 
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Figure  2.  Terminology  of  the  left  valve  of  a  scallop. 


Disk  margins  were  crenulate,  marked  by  the  pronounced  ribs  in 
both  valves  alternatively.  The  mean  length  of  the  prodissoconch 
was  0.291  ±  0.021  mm  (ranging  from  0.245  to  0.343  mm).  On  the 
right  valve,  the  prismatic  stage  extends  up  to  0.916  ±  0.077  mm 
(ranging  from  0.706  to  1.084  mm).  Six  primary  ribs  appeared, 
forming  radial  prickly  scales  with  several  secondary  ribs  between 
them  (Fig.  5C).  The  byssal  notch  was  wide  (Fig.  5D).  The  color  of 
the  left  valve  was  brown  or  reddish  with  some  fine  white  or  cream 
dots.  The  right  valve  was  white  with  the  area  near  the  umbo 
reddish  with  fine  white  dots.  Inside  was  a  pinkish  to  light  violet 
color. 

The  microsculpture  of  the  preradial  stage  of  the  left  valve  of  M. 
varia  was  coarsely  pitted  with  concentric  grooves  in  inverted  "V"" 
or  "U"  shapes  or  irregularly  rounded  (Fig.  6B).  Pits  of  the  first 
row  were  very  elongated.  Valves  were  not  translucent  and  were 
equivalve.  and  auricles  were  almost  equal  in  size  (Fig.  6A).  with 
anterior  auricles  0.838-1.711  times  as  large  as  posterior  ones 
(mean.  1.248  ±  0.157).  The  posterior  margin  of  the  auricle  was 
almost  straight,  forming  a  right  angle  with  the  hinge.  On  the  right 
\'alve.  the  prismatic  stage  was  extended  up  to  a  mean  of  0.919  ± 
0.069  mm  from  the  beak  (ranging  from  0.781  to  1.134  mm);  then, 
•^l-l  I  primary  ribs  appeared,  forming  radial  and  rounded  cords  with 
prickly  scales.  Seci>ndary  ribs  appeared  later  between  the  primary 
ribs  (Fig.  6C).  The  mean  length  of  the  prodissoconch  was  0.217  ± 
0.013  mm  (ranging  between  0.186  and  0.245  mm).  The  byssal 
notch  was  wide  (Fig.  6D).  The  color  of  both  valves  was  variable 
but  uniform,  occurring  in  reddish  purple,  brown,  violet,  orange, 
yellow,  or  white. 

The  shell  oi A.  opcixiilaris  was  flat,  with  the  microsculpture  of 
the  preradial  stage  of  the  left  valve  coarsely  pitted;  rounded  or 
triangular  pits  were  regularly  distributed  on  the  dissoconch  (Fig. 
7B).  elongating  near  the  ribbed  area  (Fig.  7A).  Anterior  auricles 
were  slightly  longer  than  posterior  (from  0.943  to  1.816  times 
larger;  mean,  1.229  ±  0.133).  The  mean  length  of  the  prodisso- 
conch was  0,232  ±  0.018  mm  (ranging  between  0.191  and  0.265 
mm).  About  20  ribs  appeared  at  the  same  place  1  mm  from  the 
beak  (Fig.  7C).  Ribs  had  growth  lines  but  no  prickly  scales,  Mi- 
crosculpture between  ribs  consisted  of  fine  concentric  lamellae.  On 
the  right  \alve,  the  prismatic  stage  was  extended  a  mean  of  I.I7I 
±  (1. 1 28  mm  from  the  beak  (ranging  from  0.882  to  1 .562  mm),  and 
the  byssal  notch  was  narrow  (Fig.  7D).  Colors  for  this  species  were 
\ery  variable,  including  purple,  red,  brown,  orange,  pink,  yellow. 
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Figure  4.  Shell  characteristics  of  /'.  incumpaiahilc.  (A)  l.eft  valve,  external  \ie\\   (90x).  (Bl  Prcradial  stage  of  the  left  valve  (300x1.  (C) 
Microsculpture  of  the  prodissoconch  of  the  right  valve  (lOOx).  (Dl  Byssal  notch  and  ctenolium  of  the  right  valve  (lOOx). 


or  white  as  a  base  color  with  some  darker  or  white  blotches  or 
streaks. 

P.  cominutatus  was  distinguished  from  A.  opercularis  by  the 
very  convex  shell  and  a  similar  microsculpture  of  the  preradial 
stage  of  the  left  valve  (Fig.  8B),  composed  of  rounded  or  triangular 
pits,  occurring  in  a  more  scattered  pattern  than  those  observed  in 
A.  opercularis.  Auricles  were  almost  equal  in  size  (Fig.  8A),  with 
anterior  auricles  0.938-1.408  times  as  large  as  posterior  ones 
(mean,  1 .  11 8  ±  0.086).  The  mean  length  of  the  prodissoconch  was 
0.251  ±  0.015  mm  (ranging  between  0.221  and  0.296  inml.  On  the 
left  valve.  12  primary  and  5  secondary  ribs  appeared  at  a  different 
height  from  the  beak.  Microsculpture  between  ribs  consisted  of 
concentric  lamellae  (Fig.  8C).  extending  as  high  as  the  ribs.  On  the 
right  valve,  the  prismatic  stage  was  extended  up  to  the  appearance 
of  the  18  ribs  at  a  mean  of  1.265  ±  0.093  mm  from  the  prodisso- 
conch (ranging  from  1.008  to  1.436  mm|.  The  byssal  notch  was 
deep  and  narrow  (Fig.  8D).  The  color  of  the  right  valve  was  cream 
or  whitish  with  red  or  brown  dispersed  blotches  and  streaks, 
whereas  the  left  valve  was  dark  brown  with  some  whitish  streaks. 

The  microsculpture  of  the  preradial  stage  of  the  left  valve  of  F. 
flexitosus  was  coarsely  pitted  (Fig.  9B|.  The  posterior  auricle  was 
larger  than  the  anterior  (Fig.  9A).  with  an  anterior  auricle/posterior 
auricle  ratio  equal  to  0.855  ±  0.061  on  average  and  ranging  be- 
tween 0.7  and  I.  The  mean  length  of  the  prodissoconch  was  0.197 
±  0.012  mm  (ranging  between  0.172  and  0.234  mm|.  The  posterior 
flank  of  the  preradial  stage  was  almost  straight,  forming  a  right  or 
obtuse  angle  with  the  hinge.  On  the  left  valve,  five  primary  and 


four  secondary  ribs  appeared  at  a  shell  height  of  1 .622  ±  0. 1 98  mm 
(ranging  from  1.159  to  2.38  mm)  (Fig.  9C).  The  microsculpture 
between  the  ribs  consisted  of  fine  imbricate  growth  lines.  On  the 
right  valve,  the  prismatic  stage  was  extended  up  to  the  appearance 
of  the  six  ribs.  Margins  of  the  disk  were  crenulated.  The  byssal 
notch  was  deep  (Fig.  9D).  Color  was  very  variable,  including 
black,  purple,  red,  brown,  orange,  pink,  cream,  or  white  as  a  base 
color  with  zigzags  or  random  blotches,  stripes,  or  streaks  in  vari- 
ous colors. 

The  microsculpture  of  the  preradial  stage  of  the  left  valve  of  F. 
glaber  was  coarsely  pitted  (Fig.  lOB).  The  posterior  flank  of  the 
preradial  stage  was  almost  straight,  forming  a  right  angle  with  the 
hinge.  The  mean  length  of  the  prodissoconch  was  0.200  ±  0.01 1 
mm  (ranging  from  0.172  to  0.226  mm).  On  the  left  valve,  10  ribs 
or  folds  occurred  (Fig.  IOC).  The  right  valve  had  11  ribs  that 
appeared  at  mean  shell  height  of  1.633  ±  0.228  mm  (ranging  from 
1.134  to  2.218  mm).  The  posterior  auricle  was  larger  than  the 
anterior  (anterior  auricle/posterior  auricle  =  0.858  ±  0.06,  ranging 
from  0.729  to  1.029)  (Fig.  lOA).  The  microsculpture  between  the 
ribs  consisted  of  fine  imbricating  growth  lines.  The  byssal  notch 
was  deep  (Fig.  lOD).  The  color  of  the  left  valve  was  gray,  brown, 
violet,  or  reddish  with  spots,  zigzags,  or  random  blotches  in  vari- 
ous colors.  The  right  valve  was  lighter  than  the  left. 

The  shell  of  P.  jacobaeus  spat  was  translucent  and  smooth, 
lacking  ribs  (Fig.  1  lA).  The  preradial  stage  of  the  left  valve  con- 
sisted of  fine  concentric  pits  at  the  top  (Fig.  I  IB).  The  hinge  was 
as  long  as  the  disk  width.  The  posterior  auricle  was  larger  than  the 


Figure  5.  Shell  characteristics  of /».  clavatiim.  (A)  Left  valve,  external  view  (35x).  (B)  Preradial  stage  of  the  left  valve  (200x).  (C)  Microsculpture 
between  the  ribs  of  the  right  valve  (lOOx).  (D)  Byssal  notch  and  ctenolium  of  the  right  valve  (90x). 


Figure  6.  Shell  characteristics  of  A7.  \ariii.  (A)  Ixfl  valve,  external  ^ie^^  (5(tx).  (I?)  Preradial  stage  of  the  left  valve  l200x).  (C)  Microsculpture 
between  the  ribs  of  the  left  valve  (1  lOx).  (U)  Bjssal  notch  and  ctenolium  of  the  right  valve  (80x). 
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Figure  7.  Shell  characteristics  of  A.  opercularis.  (A)  Left  valve,  external  view  (lOOx).  (B)  Preradial  stage  of  the  left  valve  (250x).  (C)  Micro- 
sculpture  between  the  ribs  of  the  left  valve  (130x).  (D)  Byssal  notch  and  ctenolium  of  the  right  valve  (lOOx). 


Figure  8.  Shell  characteristics  of  P.  commutatiis.  (A)  Left  valve,  external  view  (I8x).  (Bl  Preradial  stage  of  the  left  valve  (400x).  (C)  Micro- 
sculpture  between  the  ribs  of  the  left  valve  (50x).  (Dl  Byssal  notch  and  ctenolium  of  the  right  valve  (80x). 


Figure  9.  Shell  characteristics  of  F.flexuosus.  (A)  Left  valve,  external  view  (50x).  (B)  Preradial  stage  of  the  left  valve  (4(l()x).  (C)  Microsculpture 
between  the  ribs  of  the  left  valve  (KlOx).  (D)  Byssal  notch  and  ctenolUini  of  the  right  valve  (KtOx). 


Figure  10.  Shell  characteristics  of  /  .  fihilni.  (A)  Lett  \ahc,  cMernal  view  (4(lx).  (li)  I'rcradial  slane  ol  the  kit  val\e  (20((xi.  (C)  Microsculpture 
between  the  ribs  of  the  left  valve  (8()x).  (I))  Byssal  notch  and  ctenolium  of  the  right  \alvc  ( ISdx). 
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Figure  11.  Shell  characteristics  of  f. yacoAocus.  (A(  Left  \alve,  external  view  (30x).  (B)  Microsculpture  of  preradial  stage  of  the  left  valve  (350x). 
(C)  Byssal  notch  and  ctenolium  of  the  right  valve  (350x).  (D)  Byssal  notch  and  ctenolium  of  the  right  valve  (lOOx). 


anterior  (anterior  auricle/posterior  auricle  =  0.697  ±  0.077:  rang- 
ing from  0.5 1 2  to  0.905 ).  and  the  mean  length  of  the  prodissoconch 
was  0.257  ±  0.0 1.'^  mm  (ranging  from  0.225  to  0.284  mm).  The 
posterior  flank  was  almost  straight,  forming  a  right  angle  with  the 
hinge.  On  the  right  valve,  the  prismatic  stage  was  extended  a  mean 
of  9.516  ±  0.804  mm  (ranging  7.76-11.42  mm)  and  had  a  deep 
byssal  notch  (Fig.  1 IC  and  D).  Color  was  mainly  white  or  cream. 
Occasionally,  although  rarely,  a  reddish-violet  color  was  observed. 

DISCUSSION 

In  this  study,  close  examination  of  the  scallop  species  attached 
to  the  collectors  placed  in  the  western  Mediterranean  enabled  the 
identification  of  spat  of  the  main  genera.  F.  flexiiosus.  F.  glaber.  P. 
incomparahile.  and  P.  jacobaeus  could  be  distinguished  from  the 
other  peclinid  species  by  their  unique  shell  contour  and  auricle 
lengths.  P.  mcomparabile  had  a  posterior  auricle  that  formed  an 
angle  of  approximately  1 15°  with  the  hinge.  P.  jacobaeus.  F.  flexu- 
osus,  and  F.  glaber  had  a  hinge  as  long  as  the  disk  width. 

The  valves  of  P.  incomparabile  and  P.  jacobaeus  spat  were 
smooth.  However,  the  other  species  had  distinct  numbers  and 
forms  of  ribs  on  the  valves.  P.  claratum  had  five  primary  ribs,  with 
several  (four  to  seven)  secondary  ribs  between,  on  the  left  valve.  F. 
flexuosus  had  5  primary  and  4  secondary  ribs  or  wide  folds  on  the 
left  valve,  whereas  F.  glaber  had  10  similar  ribs  or  folds.  The  left 
valve  of  M.  varia  consisted  of  9-13  primary  ribs  and  8-11  sec- 
ondary ribs  that  appeared  later.  The  left  valve  of  A.  opercularis  had 


about  20  ribs  occurring  at  the  same  height,  whereas  the  left  valve 
of  P.  commutatus  had  12  primary  ribs  and  5  secondary  ribs  that 
occurred  at  different  heights. 

Among  the  pectinids  studied,  three  microslructural  patterns  of 
preradial  stage  in  the  left  valve  were  identified,  each  characterizing 
specific  taxa.  The  grid-shaped  microstructure  was  found  only  in  P. 
clavatum.  The  concentric  pits  appeared  to  be  characteristic  of  P. 
incomparabile  (inverted  "V-shaped  pits)  and  M.  varia  (rounded, 
triangular,  or  irregular  pits).  The  crowded  pits  were  found  in  A. 
opercularis  (rounded  or  triangular  crowded  pits).  F.  flexuosus 
(oval  crowded  pits).  F.  glaber  (rounded  and  oval  scattered  pits),  P. 
commutatus  (rounded  or  triangular  scattered  pits),  and  P.  jaco- 
baeus (very  small,  scattered  pits). 

Differences  in  prodissoconch  II  length  were  detected  between 
pectinid  species;  F.  flexuosus  and  F.  glaber  had  the  shortest  length, 
whereas  P.  jacobaeus  and  especially  P.  clavatum  had  the  longest. 
According  to  Goodsell  and  Eversole  (1992).  prodissoconch  I 
lengths  vary  with  egg  size.  Because  the  larval  development  of  most 
of  the  pectinids  collected  in  the  western  Mediterranean  has  not 
been  studied,  no  relationship  between  egg  size  and  prodissoconch 
length  can  be  investigated.  .Studies  on  pectinid  larvae  in  Atlantic 
species  by  Le  Pennec  ( 1978)  have  shown  that  P.  maximum  (L.)  egg 
size  was  70  \xm  and  the  prodissoconch  larvae  had  a  length  of  80 
|j.m.  whereas  M.  varia  eggs  had  a  diameter  of  65  jj.m  and  the 
prodissoconch  larvae  were  90  x  70  |jLm.  In  these  Atlantic  species, 
no  relationship  was  found  between  egg  size  and  prodissoconch 
length.  Meanwhile,  Salaun  et  al.  (1991)  found  a  relationship  be- 
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tween  the  maximum  intervalvae  distance  and  larval  growth.  The 
globulous  specimens  had  a  slower  growth  range  than  did  flat  in- 
dividuals of  similar  prodissoconch  height. 

Finally,  the  nt)nienclature  of  some  scallop  species  studied  is  not 
clear.  Several  authors  consider  P.  coinimitatiis  as  belonging  to  the 
otrwii  Argopecten  (Rombouts  1991)  ox Aeqiiipeclen  (Waller  1991). 
In  this  case,  we  chose  to  follow  the  name  proposed  by  Wagner 
( 1991 ).  Dr.  R.  G.  Moolenbeek  identified  our  samples  as  P.  iPep- 
him)  clavatwn.  as  cited  in  Rombouts  (1991),  but  they  have  also 
been  considered  Pseudumussium  septcmnuUiiUini  (Waller  1991) 


and  Pephim  clavatwn  (Wagner  1991).  According  to  Waller  ( 1491 ), 
Chlamys  (Chlamys)  varia  separated  from  the  Chlamys  group  and 
belongs  to  the  supragenus  group  of  Mimachlamys. 

ACKNOWLEDGMENTS 

This  work  was  financed  by  Grant  AGF94-0774  from  Spanish 
CICYT.  Thanks  to  Dr.  R.  G.  Moolenbeek  from  the  Zoological 
Museum  (University  of  Amsterdam)  for  identifying  Flexopecten 
and  Pseudumussium  specimens  and  to  Dr.  Lisa  Sorbera  for  her 
important  remarks  on  English  corrections. 


LITERATURE  CITED 


Goodsell,  J.  G.  &  A.  G.  Eversole.  1992.  Prodissoconch  I  and  II  lengtli  in 

Mercenaria  taxa.  Nautilus.  106:119-122. 
Le  Pennec,  M.  1978.  Genese  de  la  coquille  larvaire  et  postlarvaire  chez 

divers  Bivalves  marins.  These  Doctoral  Etat,  Faculte  Sciences.  Univer- 

site  Bretagne  Occidentale,  Brest,  France.  229  pp.  106  plates. 
Peiia,  J.  B..  J.  Canales,  J.  M.  Adsiiara  &  M.  A.  Sos.  1 996.  Study  of  seasonal 

settlements  of  five  scallop  species  in  the  western  Mediterranean. 

Aquacult.  Int.  4:253-261. 
Peiia.  J.  B..  J.  Canales.  R.  Martin  &  C.  Rios.  1997.  Captacion  estacional  de 

semillas  de  pecli'nidos  en  el  caladero  Carrerii  (Castellon).  In:  J.  Costa- 

Ruiz,  E.  Abellan-Martinez,  B.  Garcia-Garcia.  A.  Ortega-Ros  and  S. 

Zamora-Navarro  (eds.).  Actas  VI  Cong.  Natl,  .\cuicultura  Cartagena. 

pp.  301-306. 
Peiia,  J.  B..  J.  Canales.  C.  Rodriguez-Babio  &  S.  Mestre.  1994.  Captacion 

de  moluscos  y  otros  organismos  mediante  colectores  filamentosos  en 

la  costa  de  Castellon  durante  1991.  Ciiad.  Invest.  Biol.  (Bilbao).  18:21 1- 

223. 


Rombouts.  A.  1991.  Guidebook  to  Pecten  Shells.  Universal  Book  Services. 
Oegslgeest.  157  pp. 

Salaun,  M.  1994.  La  larve  de  Pecten  maximiis.  genese  et  nutrition.  These  doc- 
toral 3eme  cycle.  Universite  Bretagne  Occidentale,  Brest,  France.  242  pp. 

Salaun,  M.,  J.  Boucher  &  M.  Le  Pennec.  1991.  Prodissoconch  shell  char- 
acteristics as  indicators  of  larval  growth  and  viability  in  Pecten  ina.xi- 
mus  (Linnaeus.  1758).  ./.  Shellfish  Res.  10:37-46. 

Schein,  E.  1989.  Pecdnidae  (.Mollusca,  Bivalvia)  bathyau,\  el  abyssaux  des 
campagnes  biogas  (Golfe  de  Gascogne).  Systematique  et  biogeogra- 
phie.  Ann.  Inst.  Oceanogr.  Paris.  65:59-125. 

Wagner,  H.P.  1991.  Review  of  the  European  Pectinidae  (Mollusca:  Bi- 
valvia). Vita  Marina.  41:1-48. 

Waller.  T.  R.  1991.  Scallops:  Biology,  Ecology  and  Aquaculture.  pp.  1-73. 
In:  S.  E.  Shumway.  Elsevier,  Amsterdam.  Evolutionary  relationships 
ainong  commercial  scallops  (Mollusca:  Bivalvia:  Pectinidae).  Chapter 
I:  1-73.  In:  S.  E.  Shumway  (ed.).  Scallops:  Biology.  Ecology  and 
Aquaculture,  Elsevier,  Amsterdam. 


.lourmil  ol  Slwllthh  Kc.scanli.  Vol.  17.  No.  1.  131-1.14,  l'J9S. 

AN  INVESTIGATION  OF  POSSIBLE  STOCK  STRUCTURE  IN  PECTEN  MAXIMUS  (L.)  USING 

MULTIVARIATE  MORPHOMETRICS,  ALLOZYME  ELECTROPHORESIS  AND 

MITOCHONDRIAL  DNA  POLYMERASE  CHAIN  REACTION-RESTRICTION  FRAGMENT 

LENGTH  POLYMORPHISM 


CRAIG  S.  WILDING,*  JOHN  W.  LATCHFORD,  AND 
ANDY  R.  BEAUMONT 

School  of  Ocean  Sciences 

The  University  of  Wales  (Bangor) 

Menai  Bridge,  Gwynedd,  LL59  5EY.  Wales 

ABSTHACT  Population  heterogeneity  in  the  scallop  Peclfii  imuimiis  (L.)  has  been  studied  hy  multivariate  morphometries  and 
allo/yme  electrophoresis  and  compared  with  data  from  a  mitochondrial  DNA  polymerase  cham  reaction-restriction  fragment  length 
polymorphisin  method.  Principal  component  analysis  applied  to  shell  measurements  revealed  some  variation  in  shape,  with  significant 
differences  in  aspects  of  morphology  detectable  among  populations.  Trends  suggestive  of  morphological  distinctness  of  a  population 
or  populations  were  difficult  to  uncover;  however,  animals  from  Brest  and  La  Trinite  (Brittany.  France)  were  consistently  different  from 
other  P.  maximiis  populations  on  the  basis  of  principal  component  1.  largely  attributable  to  hinge  length.  St.  Brieuc  Bay  P.  maxiimis. 
which  are  known  to  exhibit  differences  in  reproductive  cycle  from  neighboring  populations  and  thus  are  thought  to  be  reproductively 
isolated,  could  not  be  separated  on  the  basis  of  shell  shape,  although  limited  differences  in  the  number  of  ribs  in  comparison  to  other 
populations  are  evident.  .Mlele  frequencies  at  seven  loci  assessed  by  allozyme  electrophoresis  were  essentially  homogeneous  through- 
out the  sample  range  in  accord  w  ith  previous  studies  and  provided  little  evidence  for  population  subdivision,  although  allele  frequencies 
at  the  Oilh  locus  provided  some  evidence  that  two  Scottish  populations  were  genetically  differentiated.  This  contrasted  with  both  the 
morphological  differences  detected  for  two  Brittany  populations  and  with  data  from  the  mitochondrial  DNA.  which  indicated  that  the 
P.  maxinnis  population  from  the  semienclosed  sea  lough  Mulroy  Bay,  Eire,  was  genetically  differentiated  from  any  other  population 
sampled  on  the  basis  of  sequence  divergence  values. 

KEY  WORDS:  allozyme  electrophoresis,  genetic  differentiation,  mitochondrial  DNA,  morphology,  Pi'clcii  iihi\iiiui.s.  population 
structure,  scallop 


INTRODUCTION 

Typically,  conclusions  from  allozyme  data  have  conformed  to 
the  idea  that  the  partitioning  of  genetic  variation  within  marine 
species  is  linked  to  life  history  such  that  broadcast  spawning  spe- 
cies with  pelagic  drifting  larvae  are  essentially  genetically  homo- 
geneous across  continuous  ranges  (Palumbi  1992),  in  contrast  to 
directly  developing  species  (e.g..  Berger  1973).  which  often  dis- 
play abrupt  allele  frequency  differences  over  short  geographic  dis- 
tances. However,  as  DNA  level  studies  accumulate,  the  theory  that 
species  with  pelagic  larvae  have  little  or  no  population  structure  is 
being  challenged  by  the  observation  of  population  subdivision  in 
species  for  which  allozymes  suggest  homogeneity  (Mitton  1994). 
This  is  exemplified  by  the  study  of  Kari  and  Avise  (1992)  on 
Crassostrea  virginica.  where  a  sharp  genetic  break  was  detectable 
between  populations  on  the  East  Coast  of  the  United  States  with 
mitochondrial  (mt)  DNA  and  single-copy  nuclear  DNA.  whereas 
allozyme  frequencies  were  invariant  (Buroker  1983).  This  suggests 
that  balancing  selection  may  be  maintaining  similar  allozyme  fre- 
quencies across  oyster  populations,  in  the  face  of  genetic  subdivi- 
sion (Karl  and  Avise  1992).  Therefore,  barriers  to  gene  flow  do 
exist  even  where  species  are  continuously  distributed,  and  dis- 
persal by  pelagic  larvae  does  not  necessarily  produce  panmixis. 

Despite  evidence  of  noticeable  differences  in  reproductive 
cycle  between  populations  of  the  scallop  Pecten  maximiis  from 
northwest  Brittany,  which  suggest  genetic  divergence  (Paulet  et  al. 
1988.  Cochard  and  Devauchelle  1993.  Mackie  and  Ansell  1993). 


♦Present  address  and  address  for  correspondence:  School  of  Biology,  The 
University  of  Leeds,  Leeds,  LS2  9JT,  United  Kingdom. 


allozyme  studies  (Huelvan  1985,  Beaumont  et  al.  1993)  have  been 
unable  to  detect  significant  differences  in  population  structure. 
DNA  technologies  have  only  recently  been  applied  in  a  population 
genetic  context  to  this  species  (Wilding  1996.  Rigaa  et  al.  1997. 
Wilding  et  al.  1997).  and  genetic  differences  between  scallop 
populations  might  be  revealed  by  DNA  data  where  allozyme  data 
have  suggested  homogeneity.  Nevertheless,  the  use  of  both  allo- 
zyme and  DNA  techniques  in  parallel  may  be  particulariy  infor- 
mative because  consistency  among  outcoines  will  fortify  conclu- 
sions arrived  at  concerning  population  subdivision  and  perhaps 
permit  further  insights  into  the  evolutionary  mechanisms  (drift, 
selection,  etc.)  acting  on  the  populations  to  create  the  observed 
pattern.  For  comparison,  morphological  data,  which  might  also  be 
useful  for  stock  discrimination  (e.g..  Karakousis  and  Skibinski 
1992,  Krause  et  al.  1994),  can  be  gathered  from  the  same  samples. 
These  three  approaches  (morphology,  allozymes.  and  mtDNA) 
present  a  gradient  of  cost  but  not  necessarily  cost  effectiveness, 
and  comparisons  will  provide  information  on  the  most  appropriate 
method  for  studying  population  structure  in  this  species.  Here,  we 
compare  and  contrast  results  from  multivariate  morphometries 
with  data  from  allozyme  analyses  and  with  mtDNA  PCR  (poly- 
merase chain  reaction  )-restriction  fragment  length  polymorphism 
(RFLP)  variation  (Wilding  1996,  Wilding  et  al.  1997)  to  assess 
population  structure  in  P.  maximtis  from  the  United  Kingdom  and 
France. 

MATERIALS  AND  METHODS 

Sampling 

Scallops  were  taken  by  dredge  fishing  or  SCUBA  diving  from 
15  populations  around  the  United  Kingdom,  Eire,  and  northern 
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France  (Fig.  I).  Morphometric  data  were  collected  from  all  popu- 
lations, but  because  some  populations  were  geographically  very 
close  to  each  other,  allozyme  data  (9  populations)  and  mtDNA  ( 12 
populations)  were  not  analyzed  from  all  sites.  Sample  sizes  for  the 
morphonietric  analysis  are  given  in  Table  1  and  for  the  allozyme 
analysis  in  Table  5.  Sample  sizes  for  the  mtDNA  study  are  given 
in  Wilding  et  al.  (1997). 

Morphology 

Four  shell  dimensions — height,  w  idth.  length,  and  hinge  length 
(Fig.  2) — were  measured  to  the  nearest  0.1  mm  with  vernier  cal- 
ipers. Weight  of  both  shell  valves  was  taken  to  the  nearest  0.1  g, 
and  the  number  of  ribs  was  counted.  Meristic  data  (number  of  ribs) 
were  tested  for  a  fit  to  normality  using  the  nscore  command  of 
MINITAB  followed  by  correlation.  Populations  for  which  rib 
numbers  fitted  the  normal  distribution  were  subsequently  com- 
pared by  one-way  analysis  of  variance  (ANOVA),  and  where  sig- 
nificant, pairwise  differences  were  analyzed  by  Scheffe"s  test.  The 
remaining  measurements  were  tested  for  allometry  with  log,,, 
transformed  data  by  performing  standard  linear  regression  between 


TABLE  1. 
Rib  counts  in  15  populations  of  P.  maximus. 
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Figure  1.  Collection  sites  of  P.  maximiis  samples.  .\NG,  27  m  north- 
west of  Puffin  Island,  Anglesey:  BRK.  Rade  de  Brest.  Brittany;  CHI, 
Chicken  Rock,  Isle  of  Man;  DOll,  Douglas,  Isle  of  Man;  Kil.  Kilkieran 
Bay,  Eire:  LAT.  La  Trinite  sur  Mer,  Brittany;  LVM,  Lyme  Bay:  MIL, 
Mull;  MRY,  Mulroy  Bay.  Eire:  PEE,  Peel,  Isle  of  Man:  POL.  Pol- 
perro;  PSl,  Port  St,  Mary  (nearshore).  Isle  of  Man:  P.S2,  Port  .St.  Mary 
(offshore).  Isle  of  Man;  STB,  SI.  Brieuc  Ba.\,  Brillany;  STO,  Stone- 
haven. Samples  used  in  (II  morphonietric  analysis,  (2)  allozyme  elec- 
trophoresis, (3)  MtDNA  PCR-RFLP. 


Population 

n 

Mean 

SE 

Port  St.  Mary  1 

63 

12.909 

0.U80 

Port  St.  Mary  2 

53 

12.745 

0.098 

Douglas 

47 

12.796 

0.092 

Peel 

42 

13.160 

0.096 

Chicken  Rock 

75 

12.948 

0.064 

Anglesey 

31 

12.892 

0.101 

Mull 

28 

13.067 

0.095 

Stonehaven 

23 

12.958 

0.127 

Lyme  Bay 

60 

12.950 

0.090 

Polperro 

54 

13.033 

0.096 

Kilkieran  Bay 

30 

13.100 

(1121 

Miilroy  Bay 

30 

13.000 

0.083 

Brest 

30 

12.733 

0.095 

La  Trinite 

28 

12.483 

0.128 

Si   Brieuc 

49 

12.380 

0.090 

length  (as  an  indicator  of  overall  size)  and  each  other  variable 
(height,  depth,  width,  weight,  and  hinge  length)  to  gain  a  measure 
of  the  slope  (b).  If  growth  is  isometric,  the  expected  value  of  the 
slope  (3)  is  1  for  the  linear  comparisons,  or  3  for  weight.  One 
sample  Mests  were  used  to  coinpare  b  and  (3.  The  continuous  data 
(after  taking  Vshell  mass)  were  then  subjected  to  a  principal  com- 
ponent  analysis  (PCA)   using   the   covariance   matrix   in   the 
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t 

Deptli 

1 

Eigure  2.  Shell  dimensions  measured  for  morphological  analysis  of  P. 
maximus. 
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MINITAB  package.  Unless  specimen  size  is  rigorously  controlled 
or  some  size  transformation  is  used,  it  is  typically  the  case  that  the 
majority  of  variation  is  due  to  size  alone  (Shea  1985,  Krause  et  al. 
1994).  These  shell  sizes  varied  considerably  (52.2- 1 ?4. 3  mm  shell 
length),  and  we  adopted  two  approaches  to  this  problem.  First,  we 
divided  each  measurement  by  the  geometric  mean  of  all  continu- 
ous variables  and  used  log,,,  (transformed  data)  as  input  lo  the 
PCA.  This  ser\es  to  transform  the  linear  measurements  for  each 
shell  to  an  apparent  absolute  size,  at  which  the  variation  in  shape 
would  occur  (Reist  1985).  Second,  we  used  nontransformed  data 
as  input  for  the  PCA  and  disregarded  the  first  principal  component, 
which  is  often  largely  attributable  to  size  variation.  After  PCA.  the 
resultant  .scores  were  tested  for  homogeneity  of  variance  with  Le- 
vene's  test  and  for  normality  with  the  Anderson-Darling  test. 
Where  data  satisfied  these  tests,  they  were  further  analyzed  with 
ANOVA.  followed  by  Scheffe's  test  to  detect  significant  differ- 
ences in  scores  between  populations. 

Allozyme  Electrophoresis 

Electrophoresis  was  undertaken  on  12.5%  gels  essentially  ac- 
cording to  the  methods  described  by  Beaumont  and  Beveridge 
(1984)  with  either  Tris-citrate  (pH  8)  (Saavedra  et  al.  1993)  or 
Tris-maleic  acid-EDTA  (pH  7.4)  buffers.  Preliminary  screening 
(Wilding  1996)  identified  two  polymorphic  enzyme  systems  not 
previously  screened  in  P.  maximus — NADH  diaphorase  (Did.  E.C. 
1.6.2.2)  and  glutathione  reductase  (C;-,  E.C.  1.6.4.2) — and  these 
along  with  the  polymorphic  esterase-D  {Est-D.  E.C.  3.1.1.1),  glu- 
cose phosphate  isomerase  (Gpi,  E.C.  5.3.1.9).  octopine  dehydro- 
genase (Odh.  E.C.  1.5.1.11).  phosphogluconate  dehydrogenase 
(Pgd.  E.C.  1.1.1.44).  and  phosphoglucomutase(Pi;»/,  E.C.  2.7.5.1) 
systems  were  screened  across  nine  populations.  Banding  patterns 
for  Pgcl  were  only  resolved  from  adductor  muscle  tissue;  for  all 
other  loci,  adductor  muscle  and  digestive  gland  tissues  were  com- 
bined. Gel  slices  were  stained  with  29c  agar  overlays  following  the 
recipes  of  Harris  and  Hopkinson  (1976)  with  meldolas  blue  in 
place  of  PMS  (Turner  and  Hopkinson  1979).  with  the  exception  of 
Balakirev  and  Zaykin  ( 1990)  for  Gr.  and  a  preincubation  in  0.1  M 
Tris-maleate  (pH  5.3)  for  10  min  before  stain  application  for  Est- 
D.  Statistical  analyses  of  allozyme  data  were  undertaken  with 
BIOSYS-1.7  (Swofford  and  Selander  1981)  to  calculate  allele  fre- 
quencies, the  effective  number  of  alleles  (N^  =  1/Zxf  where  x,  is 
the  frequency  of  the  ith  allele),  and  observed  and  expected  het- 
erozygosities. Genetic  distances  between  populations  were  calcu- 
lated as  Nei's  D  with  either  BIOSYS  or  CD  (Ritland  1989)  and 
clustered  via  UWPGMA  in  GD.  Manual  calculation  of  gene  di- 
versity statistics  was  performed  following  Nei  ( 1987).  Gene  diver- 
sity measures  serve  to  effectively  partition  the  variation  encoun- 
tered into  practical  divisions  of  H-p  (the  total  gene  diversity).  H^ 
(the  sample  gene  diversity).  D^y  (the  gene  diversity  among  popu- 
lations), Dn,  (the  absolute  measure  of  gene  differentiation  as  D„, 
but  excluding  comparisons  of  populations  with  themselves),  and 
GsT  Che  coefficient  of  gene  differentiation  among  populations).  A 
Monte  Carlo  simulation  method  (Roff  and  Bentzen  1989)  was  also 
used  to  analyze  differences  in  allele  frequencies  between  popula- 
tions. The  MONTE  option  of  REAP  (McElroy  et  al.  1992)  was 
used  with  1.000  randomizations  of  the  data  (keeping  row  and 
column  totals  equal)  to  calculate  a  probability  of  obtaining  by 
chance  a  x"  value  higher  than  that  obtained  from  the  real  data. 
Because  of  multiple  tests,  significance  levels  for  tests  at  each  locus 
were  adjusted  (Hochberg   1988).   Agreement  to  the   Hardy- 


Weinberg  model  was  investigated  through  the  calculation  of 
Wright's  fixation  index  (F|s)  (the  average  deviation  from  H-W 
proportions  within  populations),  which  was  tested  for  significance 
by  the  x"  method  of  Waples  (1987)  as  x"  =  FfsN<k-l)  with 
[k(k-l)]/2  df.  where  k  is  the  number  of  alleles  and  N  is  the  sample 
size.  Significance  levels  were  adjusted  according  to  Hochberg 
(1988)  to  correct  for  multiple  tests  of  the  same  hypothesis.  F 
statistics  for  Gpi  were  calculated  after  pooling  to  five  artificial 
allelic  categories. 

RESULTS 

Morphology 

Meristic  Data 

The  numbers  of  ribs  were  seen  to  vary  between  sites  (Table  1). 
and  rib  counts  were  detectably  different  among  sites  by  ANOVA 
(F  =  7.22,  p  <  0.001 ).  Three  pairwise  comparisons,  all  involving 
St.  Brieue  Bay  scallops,  which  usually  had  fewer  ribs,  were  iden- 
tified as  significantly  different  by  Scheffe's  test  (STB-CHl.  STB- 
PEE.  STB-KIL).  The  comparison  between  St.  Brieuc  and  Polperro 
also  was  significantly  different,  but  the  Polperro  sample  was  not 
normally  distributed. 

Continuous  Data 

Each  character  was  seen  to  exhibit  evidence  of  negative  allom- 
etry  relative  to  length  (Table  2).  There  was  also  extensive  size 
variation  both  within  and  between  samples.  Two  approaches  were 
taken  to  account  for  this  in  the  PCA.  Removal  of  PC  1 .  which  from 
the  heavy  loadings  of  all  measurements  was  taken  as  reflecting 
size  variation  (data  not  shown:  see  Wilding  1996).  caused  two 
main  difficulties.  First,  only  A%  of  the  remaining  variation  was 
unaccounted  for  by  the  first  PC,  and  second,  the  resultant  scores 
were  largely  inappropriate  for  our  further  analyses  because  of  con- 
siderable heterogeneity  of  variance.  Our  second  method  of  con- 
trolling size,  using  a  geometric  mean  transform,  did  not  suffer 
from  these  problems.  From  PCA  undertaken  on  the  five  metric 
variables,  the  first  three  principal  components  (PCs  1-3)  explained 
96%  of  the  total  variation  in  continuous  characters  (Table  3). 
These  PCs  were  accountable  to  particular  measurements  (Table  3); 
for  instance.  PCI  is  attributable  largely  to  hinge  length,  as  indi- 
cated by  the  strongly  positive  eigenvector  for  hinge  length,  with 
relatively  weak  (negative)  eigenvectors  associated  with  other  met- 
ric variables.  PC2  is  strongly  associated  with  the  depth  contrasted 
with  length  and  height  of  the  animals,  and  PC3  is  associated  with 
the  shell  mass  contrasted  with  length  and  depth.  Heterogeneity  of 
variance  was  problematical  for  further  ANOVA.  particularly  for 

TABLE  2. 
Regression  analysis  of  allomctry  in  populations  of  P.  maximus. 


Character 

b 

SEof  b 

P 

n 

t 

Depth 

0.85139 

4.(S3x  \{r* 

1 

699 

321*** 

Height 

0.97145 

2.15  X  10-* 

1 

700 

132.7*** 

Hinge  length 

0.84002 

6.13  X  lO--* 

1 

667 

261.169*** 

Weight 

2.5011 

9.45  X  K)--' 

3 

699 

52.8*** 

b,  observed  slope;  SE.  standard  error;  (3.  expected  slope  if  growth  is  iso- 
metric; n.  sample  size;  t.  t  value. 
***significant  at  0.001  level. 
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TABLE  3. 
Summary  of  PCA  performed  on  P.  maximiis  morphometric  data.sct  using  the  covariance  matrix. 


Eigenvector 

Character 

PCI 

PC2 

PC3 

PC4 

PCS 

Leneth 

-0.204 

0.498 

-O..^I4 

0.641 

-0.447 

Depth 

-0.271 

-0.676 

-0.505 

-0.120 

-0.447 

Height 

-0.270 

0.462 

0.092 

-0.711 

-0.447 

Weight 

-0.145 

-0.285 

0.796 

0.254 

-0.447 

Hinae  length 

0.890 

0.001 

-0.068 

-0.064 

-0.447 

Eigenvalue 

0.000753 

0.000338 

0.000162 

0.000057 

0.00000 

%  Proportion 

57.4 

25.8 

12.4 

4.3 

0.000 

%  Cumulative 

57.4 

83.3 

95.7 

100 

100 

Eigenvectors  describe  the  rotation  of  the  original  axes  necessary  to  define  the  new  principal  components,  thus  mdicatuig  the  correlation  of  the  measured 
variable  with  that  PC.  Eigenvalues  express  how  much  variability  is  explained  by  each  of  the  PCs.  and  the  proportion  reflects  the  percentage  of  the  total 
variation  explained  by  each  eigenvalue. 


PCI  scores,  where  the  ANG.  STO,  and  MUL  populations  had  to  be 
disregarded.  Similarly,  there  was  significant  heterogeneity  of  vari- 
ance for  the  ANG  population  when  PC3  scores  were  tested.  Ap- 
plication of  the  Anderson-Darling  test  suggested  that  non- 
normality  was  not  a  problem.  Only  CHI  for  PCI.  STO  for  PC2. 
and  CHI  for  PC3  were  non-normal.  Non-normality  does  not  affect 
the  application  of  ANOVA  unless  no  inore  than  50%  of  the  data  is 
non-normally  distributed.  Principal  component  scores  for  PCs  1-3 
were  then  subjected  to  ANOVA.  All  three  tests  were  highly  sig- 
nificant, suggesting  that  differences  between  some  populations  ex- 
ist for  PCs  1-3  (PCI:  F  =  42.07.  p  <  0.0001;  PC2:  F  =  15.56,  p 
<  0.0001;  PC3:  F  =  22.32.  p  =  0.0006).  Scheffe's  test  was  used 
to  detect  where  these  differences  occurred  (see  Table  4).  There  are 
many  significant  outcoines;  however,  the  most  obvious  differences 
occur  in  PCI  for  LAT  and  BRE.  which  are  significantly  different 
from  all  other  populations  but  are  not  detectably  different  from 
each  other.  This  was  also  noted  (on  PC2)  from  the  PCA.  where 
size  was  controlled  by  removal  of  PCI  (Wilding  1996).  For  PC2. 
LYM.  POL.  and  LAT  are  significantly  different  in  inost  compari- 
sons from  other  populations  but  are  not  different  from  each  other, 
and  for  PC3,  KIL  and  LYM  are  significantly  different  in  9  and  8 


cotnparisons.  respectively,  of  13  total  comparisons.  It  is  striking 
from  Table  4  that  geographically  proximate  samples  rarely  show 
differences,  e.g.,  note  the  lack  of  differences  between  the  six  Irish 
Sea  populations,  between  the  two  Irish  samples,  and  between  the 
two  southern  coast  populations. 

Allozyines 

The  loci  screened  in  this  study  had  been  chosen  either  on  the 
basis  of  high  polymorphism  iEsr-D.  Gpi.  Odiu  Pgd.  Ppn)  or.  for 
Dill  and  Gr.  because  they  had  not  been  screened  in  this  species 
before  and  were  polymorphic;  thus,  the  high  level  of  variation 
encountered  is  neither  suiprising  nor  meaningful  in  its  own  right. 
Such  high  levels  of  variation  (N^.,,  and  h  in  Table  5)  coupled  with 
relatively  low  sample  sizes  may,  however,  cause  high  sampling 
variances  that  could  affect  other  analyses  of  variation.  Up  to  15 
alleles  were  found  for  Gpi.  and  no  locus  exhibited  fewer  than  4 
alleles  (Table  5).  Allele  frequencies  are  shown  in  Table  5.  No 
alleles  with  a  frequency  greater  than  0.067  (Pgd^')  were  confined 
to  any  population.  Dia  and  Est-D  were  not  resolvable  from  Lyme 
Bay  scallops — probably  as  a  result  of  postcollection  storage,  which 


TABLE  4. 


Matrix  displaying  significant  outcomes  of  Scheffe's  pairwise  comparisons  after  ANOVA  on  principal  components  1,  2,  and  3.  Population 
abbreviations  are  as  In  Figure  I  legend.  Populations  6,  7,  and  8  were  not  analyzed  by  Scheffe's  test  for  PCI  data  (see  text). 


PS2 

_ 

DOU 

1 

- 

PEE 

- 

CHI 

- 

PSl 

1 

- 

ANG 

- 

STO 

- 

MUL 

3 

3 

3 

- 

LYM 

1.2.3 

2.3 

1 

1.2 

1,2,3 

2 

2,3 

- 

POL 

1.2,3 

-) 

1 

1.2,3 

2 

2,3 

MRY 

1.3 

1.3 

1 

3 

2.3 

KIL 

1.3 

3 

."1 

3 

3 

3 

2.3 

STB 

1 

I 

1 

3 

T 

LAT 

1.2 

1.2 

i 

1     ") 

1.2 

2 

1.3 

BRE 

1 

1 

1 

1 

1.3 

1.3 


3 
1.2 

1.2 
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TABI.K  5. 
Allele  frequencies  at  seven  Uicl  for  nine  populations  of  I'.  lucixiniKs. 


Locus 

R.M. 

BRE 

STB 

KIL 

MRY 

LAT 

PEE 

STO 

MUL 

LYM 

Dia 

y4 

0.000 

0.033 

0.000 

0.017 

0.087 

0.016 

0.021 

0.017 

100 

0.638 

0.750 

0.667 

0.700 

0.609 

0.742 

0.729 

0.683 

105 

0.310 

0.200 

0.300 

0.233 

0.283 

0.242 

0.229 

0.217 

no 

0.034 

0.017 

0.033 

0.050 

0.022 

0.000 

0.021 

0.083 

1  16 

0.017 

0.000 

O.OOO 

0.000 

0.000 

0.000 

0.000 

0.000 

n 

29 

30 

.^0 

.^0 

23 

31 

24 

30 

h 

0.379 

0.3 

0.433 

0.533 

0.435 

0.323 

(1,417 

0.467 

Neff 

1.98 

1.66 

1.87 

1.83 

2.18 

1.64 

1.71 

1.92 

Esl-D 

M 

0.000 

0.000 

0.000 

0.000 

0.000 

0.017 

0.000 

0.000 

75 

0.017 

0.000 

0.000 

0.000 

0.000 

0.017 

0.000 

0.000 

84 

0.000 

0.017 

0.017 

0.017 

0.017 

0.050 

0.000 

0.000 

100 

0.569 

0.550 

0.500 

0.533 

0.586 

0.500 

0.667 

0.595 

108 

0.069 

0.067 

0.052 

0.000 

0.052 

0.017 

0.000 

0.000 

119 

0.328 

0.317 

0.43 1 

0.433 

0.328 

0.367 

0.292 

0.310 

125 

0.017 

0.033 

0.000 

0.017 

0.017 

0.033 

0.042 

0.071 

140 

0.000 

0.017 

0.000 

0.000 

0.000 

0.000 

0.000 

0.024 

]i 

29 

30 

29 

30 

29 

30 

24 

21 

h 

0.379 

0.467 

0.414 

0.3 

0.586 

0.5 

0.417 

0.619 

Neff 

2.29 

2.44 

2.28 

2.12 

2.2 

2.57 

1.88 

2.19 

Gpi 

38 

0.033 

0.000 

0.017 

0.017 

0.000 

0.000 

0.042 

0.000 

0.017 

50 

0.000 

0.000 

0.017 

0,000 

0.017 

0.000 

0.000 

0.033 

0.000 

64 

0.083 

0.033 

0.100 

0.017 

0.017 

0.065 

0.083 

0.050 

0.083 

74 

0.067 

0.083 

0.050 

0.217 

0.086 

0.081 

0.104 

0.067 

0.100 

78 

0.033 

0.017 

0.017 

0.000 

0.017 

0.000 

0.000 

0.017 

0.017 

87 

0.217 

0. 1 83 

0.200 

0.217 

0.190 

0.210 

0.167 

0.167 

0.183 

93 

0.033 

0.033 

0.017 

0.017 

0.000 

0.000 

0.021 

0.033 

0.000 

100 

0.200 

0.250 

0.167 

0.366 

0.207 

0.306 

0.313 

0.367 

0.067 

105 

0.000 

0.033 

0.017 

0.000 

0.000 

0.000 

0.000 

0.017 

0.000 

112 

0.217 

0.233 

0.150 

0.050 

0.103 

0.145 

0.083 

0.117 

0.317 

114 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

115 

0.017 

0.000 

0.050 

0.017 

0.017 

0.000 

0.042 

0.017 

0.033 

119 

0.033 

0.000 

0.017 

0.017 

0.069 

0.081 

0.021 

0.067 

0.017 

124 

0.033 

0.100 

0.167 

0.067 

0.190 

0.097 

0.104 

0.017 

0.150 

130 

0.000 

0.017 

0.016 

0.000 

0.017 

0.000 

0.000 

0.033 

0.000 

136 

0.033 

0.017 

0.000 

0.000 

0.069 

0.016 

0.021 

0.000 

0.017 

n 

30 

30 

30 

30 

29 

31 

24 

30 

30 

h 

0.833 

0.8 

0.767 

0.6 

0.828 

0.677 

0.875 

0.867 

0.833 

Neff 

6.56 

5.84 

7.39 

4.23 

6.94 

5.38 

6.02 

5.2 

5.55 

Gr 

62 

0.000 

0.000 

0.000 

0.017 

0.000 

0.000 

0.000 

0.000 

0.000 

75 

0.000 

0.000 

0.000 

0.017 

0.000 

0.000 

0.000 

0.000 

0.000 

85 

0.100 

0.067 

0.017 

0.067 

0.077 

0,016 

0.021 

0.050 

0.000 

96 

0.050 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.019 

100 

0.500 

0.500 

0.500 

0.567 

0.692 

0.500 

0,500 

0.500 

0.519 

no 

0.033 

0.000 

0.033 

0.017 

0.019 

0.016 

0.02 1 

0.017 

0.019 

119 

0.300 

0.417 

0.450 

0.300 

0.212 

0.419 

0,438 

0.417 

0.423 

125 

0.000 

0.017 

0.000 

0.000 

0.000 

0.000 

0.000 

0.017 

0.000 

130 

0.017 

0.000 

0.000 

0.017 

0.000 

0.000 

0.021 

0.000 

0.019 

140 

0.000 

0.000 

0.000 

0.000 

0.000 

0.048 

0.000 

0.000 

0.000 

n 

30 

30 

30 

30 

26 

31 

24 

30 

26 

h 

0.733 

0.667 

0.567 

0.6 

0.384 

0.613 

0.667 

0.667 

0.5 

Neff 

2.83 

2.33 

2.2 

2.4 

1.89 

2.33 

2.26 

2.34 

2.23 

Odh 

78 

0.000 

0.000 

0.017 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

87 

0.000 

0.000 

0.033 

0.017 

0.017 

0.016 

0.000 

0.000 

0.017 

90 

0.333 

0.283 

0.217 

0.133 

0.259 

0.226 

0.417 

0.433 

0.217 

100 

0.633 

0.683 

0.733 

0.833 

0.707 

0.726 

0.583 

0.567 

0.733 

108 

0.033 

0.033 

0.000 

0.017 

0.017 

0.032 

0.000 

0.000 

0.033 

n 

30 

30 

30 

30 

29 

31 

24 

30 

30 

h 

0.4 

0.5 

0.4 

0.333 

0.448 

0.419 

0.667 

0.4 

0.3 

Neff 

1.95 

1.83 

1.71 

1.4 

1.76 

1.73 

1.95 

1.97 

1.71 
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TABLE  5. 
continued 


Locus 

R.M. 

BRE 

STB 

KIL 

MRY 

LAT 

PEE 

STO 

MUL 

LVM 

Pgil 

52 

0.000 

0.000 

0.000 

0.067 

0.000 

0.000 

0.000 

0.000 

0.000 

75 

0.1.1.1 

0.067 

0.100 

0.100 

0.069 

0.065 

0.188 

0.067 

0.121 

100 

0.867 

0.917 

0.867 

0.817 

0.914 

0.919 

0.813 

0.933 

0.879 

125 

0.000 

0.017 

0.033 

0.017 

0.017 

0.016 

0.000 

0.000 

0.000 

n 

30 

30 

30 

30 

29 

31 

24 

30 

29 

h 

0.266 

0.1 

0.2 

0.267 

0.103 

0.161 

0.375 

0. 1 33 

0.241 

Neff 

1.3 

1.18 

1.31 

1.47 

1.19 

1.78 

1.44 

1   14 

1.27 

Pyin 

71 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.017 

0.000 

11 

0.017 

0.000 

0.000 

0.000 

0.017 

0.032 

0.021 

0.033 

0.033 

89 

0.050 

0.017 

0.050 

0.000 

0.034 

0.065 

0.042 

0.033 

0.067 

100 

0.883 

0.933 

0.917 

0.967 

0.914 

0.839 

0.896 

0.833 

0.850 

114 

0.050 

0.050 

0.033 

0.033 

0.034 

0.065 

0.021 

0.083 

0.050 

124 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

0.021 

0.000 

0.000 

n 

30 

30 

30 

30 

29 

31 

24 

30 

30 

h 

0.233 

0.133 

0.133 

0.067 

0. 1 72 

0.29 

0.208 

0.3 

0.3 

Neff 

1.27 

1.15 

1.18 

1.07 

1.19 

1.4 

1.24 

1.42 

1.37 

h.  observed  heterozygosity;  Neff.  effective  number  of  alleles;  R.M..  relative  mobility.  Population  abbreviations  are  as  in  Figure  1  legend. 


may  have  involved  several  accidental,  partial  freeze-thaw  cycles. 
Table  6  details  the  results  from  f-statistic  analysis.  F,t-  was  posi- 
tive for  all  loci  except  Gi  and  Pi^in,  suggesting  a  general  deficiency 
of  heterozygotes.  although  no  F,.,.  estitnate  was  significant.  Devia- 
tions within  samples  (F,,)  contributed  most  to  this  trend,  although 
within  individual  populations,  there  was  no  tendency  for  defi- 
ciency or  excesses  of  heterozygotes  (sign  test,  Z  =  -0.61 14;  not 
significant).  The  genetic  diversity  within  populations  was  analyzed 
by  Nei's  G-statistics  (Table  7).  Most  variability  (98%)  is  within 
populations  (Hg:  Table  7),  only  2%  being  partitioned  among  popu- 
lations {G^j\  Table  7).  Low  G^t  figures  suggest  little  partitioning 
of  variation  between  populations,  and  only  G^-^  figures  for  Gpi  and 
Odh  are  significant  at  the  0.001  level.  However,  as  mentioned 
above,  Gpi  is  so  variable  that  we  consider  it  inappropriate  to  con- 
sider this  as  evidence  of  population  structure  because  of  the  likely 
high  sampling  variance  for  such  sample  sizes.  Using  Monte  Carlo- 
based  x~  tests,  we  found  significant  differences  only  between 
LYM-MUL/MRY  for  Gpi  and  MRY-MUL  for  OcUi.  once  correc- 
tion for  multiple  tests  had  been  performed.  Both  BIOSYS  and  GD 
were  used  for  calculation  of  Nei's  D  and  subsequent  dendrogram 
construction.  GD  is  advantageous  in  that  it  computes  standard 


eiTors  of  branch  lengths  for  the  dendrogram  to  allow  significant 
clusters  to  be  made  obvious;  however.  GD  cannot  be  used  where 
there  are  missing  data  or  where  there  are  more  than  10  alleles  at  a 
locus.  We  therefore  omitted  Lyme  Bay  and  reduced  Gpi  to  10 
alleles  (pooling  Gpi^''  with  Gpi^^'.  Gpi'"'  with  Gp/^^  Gpi""'  with 
Gpi"'\  Gpi'  '■'  with  Gpi' '"-'.  and  Gpi'^"  with  G/'/''").  This  did  not 
affect  the  tree  topology  compared  w  ith  unpooled  data  treated  with 
the  GDD  program  (Ritland  1989),  where  error  bars  are  not  pos- 
sible, or  with  the  tree  produced  from  BIOSYS  after  more  severe 
pooling  (see  Fig.  3.3  of  Wilding  1996).  The  dendrogram  con- 
structed from  values  of  Nei's  genetic  distance  (D)  suggests  some, 
limited  evidence  for  geographically  close  populations  to  cluster 
together  (Fig.  3),  as  may  be  expected  if  the  data  conform  to  an 
isolation  by  distance  model,  but  a  Mantel  test  performed  in  NT- 
SYS  comparing  Nei's  D  with  approximate  geographic  distance 
(shortest  route  by  .sea)  was  insignificant  (p[random  Z  s=  observed 
Z]  =  0.1531).  It  is  also  evident  that  no  single  population  is  ap- 
parently exceptionally  distant  from  any  other  population  (Fig.  3). 
although  the  error  bars  allow  this  to  be  further  scrutinized.  In  order 
to  consider  a  branch  length  to  be  significantly  greater  than  zero,  the 
standard  error  (shaded)  bars  should  be  smaller  than  half  the  branch 


TABLE  6. 
f-statistics  for  seven  loci  in  nine  populations  u(  P.  maximus.  Calculations  for  the  dpi  locus  were  performed  on  pooled  data  (tUe  alleles). 


Population 

Dia 

Est-D 

Gpi 

Gr 

Odh 

Pgd 

Pgm 

Rade  de  Brest 

0.234 

0.327 

0.065 

-0. 1 35 

0,178 

-0.154 

-0.088 

St.  Brieuc 

0.243 

0,21  1 

-0.028 

-0.166 

-0.107 

0.355 

-0.057 

Kilkieran  Bay 

0.067 

0,263 

0.083 

-0.038 

0.034 

0.159 

0.146 

Mulroy  Bay 

-0.178 

0,431 

0. 1 8 1 

-0.029 

-0. 1 6 1 

0.162 

-0.034 

La  Trinite 

0.197 

-0.074 

0.013 

0.05 

-0.036 

0.353 

-0.062 

Peel 

0.174 

0.182 

0.176 

-0.073 

0.004 

-0.073 

-0.011 

Stonehaven 

-0,004 

0.111 

-0.08 

-0.196 

-0.371 

-0.231 

-0.071 

Mull 

0.026 

-0.137 

-0.114 

-0.163 

0, 1 86 

-0.071 

-0.013 

Lyme  Bay 

- 

- 

-0.054 

0,091 

0,275 

-0.137 

-0.113 

Mean  F,., 

0.05 

0.179* 

0.046 

-0,083 

-0,01 

0.018 

-0.044 

F„ 

0,073 

0.2 

0.075 

-0,061 

0,029 

0.036 

-0.03 

*p  <  0.05. 
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TABLE  7. 

Gene  diversity  (Nei  1987)  analysis  of  nine  populations  of 
P.  maximus. 


Locus 


H, 


Hs 


Ds, 


D„ 


Gs, 


mN.. 


Diu  0.4592  0.4543  0.0044  0.0056  0.0107  NS  2.VI1 

Est-D  0.55S4  0,5515  0.0069  0.0080  0.0124  NS  19.91 

Gpi  0.8496  0.8260  0.0236  0.0265  0.0277***  8.68 

Gr  0.5748  0.5632  0.0116  0.0131  0.0202  NS  12.13 

Odh  0.4470  0.4318  0.0152  0.017!  0.0340***  7.10 

Pgd  0.2140  0.2102  0.0038  0.0043  0.0178  NS  13.80 

Pgm  0.1995  0.1967  0.0028  0.0032  0.0142  NS  17.36 
Mean  o%er 

allloci  0.4718  0.4620  0.0098  0.0111  0.0196  12.51 

Calculations  for  Din  and  Est-D  were  based  on  only  eighl  populations 
(excluding  Lyme  Bay.  see  Text).  Gene  diversities:  H-p.  total  diversity;  Hj, 
within  populations;  Dsj,  among  populations;  D„,.  absolute  differentiation 
among  populations.  Coefficient  of  gene  differentiation:  G^j.  among  popu- 
lations. ***p<  0.001.  NS.  not  significant.  N^,ni.  effective  number  of  mi- 
grants per  generation. 

length  (Rilland  1989).  This  can  only  really  be  considered  so  for  the 
Scottish  grouping  of  Mull  and  Stonehaven  and  the  Peel-St.  Brieuc 
grouping.  However,  we  consider  these  significances  to  be  tenuous 
for  two  reasons.  First,  because  the  standard  error  calculation  used 
in  the  construction  of  the  dendrogram  uses  variances  of  distances 
among  loci,  more  loci  are  really  needed  than  used  here  for  the 
method  to  be  valid,  with  a  suggested  number  of  12  (from  GD 
manual),  and  for  this  reason,  the  standard  error  bars  may  be  a  poor 
estimate.  Second,  it  is  difficult  to  extract  causes  of  these  apparent 
significances  from  the  actual  data  because  a  x"  test  suggested  no 
differences  involving  these  populations,  with  the  exception  of  Mull 
vs.  Mulroy  Bay  for  Odh  (which  did  have  a  significant  G^-^  esti- 
mate). Although  a  limited  number  of  other  tests  involving  these 
samples  were  initially  significant  at  the  0.05  level,  they  were 
deemed  nonsignificant  after  correction  for  multiple  comparisons. 
From  inspection  of  allele  frequencies,  there  seems  no  obvious 
reason  for  considering  Peel  and  St.  Brieuc  to  be  different,  and 
indeed  no  x"  test  suggests  this.  We  cannot  therefore  consider  this 
clustering  in  the  dendrogram  to  be  truly  significant.  It  would  seem 
unsurprising  that  the  two  most  northerly  populations  be  signifi- 
cantly different,  and  although  we  do  not  disregard  these  results,  we 
warn  against  overinterpretation  in  light  of  the  limited  quantity  of 
loci  studied. 

DISCUSSION 

The  data  given  here  represent  a  multiapproach  effort  at  uncov- 
ering the  nature  of  population  structure  of  the  valuable  fishery 
resource,  P.  maximus.  Other  recent  studies  have  been  limited  to 
comparing  allozymes  and  DNA  results,  where  DNA  data  usually 
provide  similar  or  greater  resolution  than  allozymes  but  occasion- 
ally reveal  structure  in  species  with  apparently  homogeneous  al- 
lozyme  patterns  (e.g..  DeSalle  et  al.  1987.  Karl  and  Avise  1992). 
Here,  morphology,  allozymes,  and  mtDNA  (Wilding  et  al.  1997) 
are  compared  and  we  have  not  found  total  concordance  across 
methodologies  for  P.  maximus. 

For  shape,  although  numerous  significant  differences  between 
populations  are  evident,  the  only  obvious,  interprelable  patterns 
within  the  data  suggest  distinctness  of  La  Trinite  and  Brest  scal- 
lops from  all  others  on  the  basis  of  PCI  (attributable  largely  to 
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Figure  3.  IIVVPGMA  dendrogram  based  on  Nci's  genetic  distance  for 
nine  populations  of  P.  maximus.  Shaded  bars  represent  standard  er- 
rors of  branch  lengths.  The  length  of  the  dendrogram  is  0.024  units  of 
genetic  distance. 


hinge  length),  and  to  a  lesser  extent,  Lyme  Bay  from  most  others 
on  the  basis  of  PC2  and  PC3.  However,  the  differences  noted  for 
PCs  2  and  3  are  not  as  clear  as  those  of  PCI  because  the  pattern  is 
less  consistent.  Although  hinge  length  is  negatively  allometric 
(i.e..  gets  relatively  smaller  as  the  animal  grows),  the  shells  of  La 
Trinite  and  Brest  animals  were  not  unusually  large,  and  therefore, 
the  smaller  hinge  length  seems  not  to  be  an  allometry-related  arte- 
fact of  sampling  larger  animals.  The  heretibility  of  morphological 
traits  in  P.  maximus  is  unknown,  but  although  morphology  is 
known  to  be  plastic  in  some  bivalves  (Seed  1968.  Galtsoff  1964), 
Wilbur  and  Gaffney  (1997)  have  suggested  that  many  morphologi- 
cal characters  in  Argopeclen  iiradians  have  an  underlying  genetic 
basis.  These  differences  may  therefore  may  be  evidence  of  genetic 
differentiation  of  these  poptilations.  Although  P.  maximus  shells 
have  a  dearth  of  useful  landmarks  tor  taking  measurements,  a  nn)re 
in-depth  study  using  different  measurements  from  the  gross  shell 
dimensions  used  here,  perhaps  using  techniques  such  as  Fourier 
analysis  (Kenchington  and  Full  1994).  may  be  of  value  in  the 
future  for  detecting  population  differences. 

Although  the  PCA  did  not  pick  out  St.  Brieuc  scallops  as  dif- 
ferent, they  were  found  to  have  significantly  fewer  ribs  than  certain 
populations.  Unusual  colors  of  St.  Brieuc  Bay  P.  maximus  shells 
were  also  noted  and  have  been  recognized  previously  in  P.  maxi- 
mus from  Brittany  (Minchin  1991 ).  The  genetic  basis  of  this  color 
polymorphism  has  not  been  investigated.  If  color  is  under  pre- 
dominantly genetic  control  as  in  A.  iiradians  (Adamkewicz  and 
Castagna  1988).  then  this  may  be  a  further  indication  of  genetic 
differentiation  of  this  population. 

Although  there  were  these  limited  differences  detectable  in 
shell  morphology,  these  were  not  mirrored  by  the  allozyme 
dataset.  which  appears  typical  of  free  spawning  bivalves  with  few 
obvious  differences  between  populations  despite  high  allozyme 
variation.  The  high  allozyme  variation  is  reflected  in  the  high 
within-population  diversity  (Hj)  values,  which  explain  the  major- 
ity of  the  total  variance,  and  the  G^t  figures  given  in  this  study  are 
comparable  to  estimates  for  other  bivalve  populations  (Buroker  et 
al.  1979.  Skibinski  et  al.  1983.  Hedgecock  and  Okazaki  1984), 
High  variability  and  low  heterogeneity  are  typical  of  species  with 
high  gene  flow  and  large  population  sizes  (Palumbi  1992)  and  are 
often  shown  in  bivalve  populations  (e.g.,  Buroker  1983,  Skibinski 
et  al.  1983,  Borsa  et  al.  1994).  Although  levels  of  variability  (as 
measured  by  the  effective  number  of  alleles  and  observed  het- 
erozygosity) do  vary  considerably  between  sites,  there  seems  to  be 
no  consistent  pattern  to  this.  This  may  therefore  reflect  sampling 
variance  as  opposed  to  information  on  stock  structure,  and  only  a 
study  using  much  larger  sampling  sizes  would  detect  this.  Allele 
frequencies  also  vary  between  sites  but  again  without  recognizable 
pattern,  and  no  population  is  obviously  distinct.  Only  the  Odh 
locus  shows  possible  significant  differences  between  populations. 
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with  these  data  imphcating  genetic  differentiation  of  the  two  Scot- 
tish populations;  we  suggest  that  further  loci  would  be  needed  to 
further  investigate  the  limited  differences  suggested  by  this  study. 
However,  we  do  not  advocate  this  because  other  allozyme  studies 
(Huelvan  1985.  Beaumont  et  al.  1993)  have  consistently  failed  to 
detect  differences.  Instead,  we  suggest  that  this  effort  be  targeted 
into  further  DNA-based  studies  (see  below). 

The  allozyme  G^t  values  calculated  from  allozymes  are  also 
concordant  with  the  mtDNA  8  (F<;t  analogue)  value  of  0.005 
(Wilding  et  al.  1997).  which  indicates  little  variation  between 
populations.  Despite  this,  there  are  differences  between  conclu- 
sions from  the  two  genetic  datasets.  The  most  significant  contra- 
diction concerns  the  apparent  genetic  isolation  of  Mulroy  Bay  P. 
miiximus  on  the  basis  of  mtDNA  sequence  divergence  data  (Wild- 
ing et  al.  1997),  which  is  not  borne  out  by  either  allozymes  or 
morphology. 

There  may  be  three  reasons  for  detecting  separation  with 
mtDNA  but  not  with  allozymes.  First,  there  is  a  lower  effective 
population  size  for  the  intDNA  molecule  as  a  result  of  its  maternal 
inheritance  {Vi  that  of  allozymes  in  the  case  of  hermaphroditic 
species),  and  this  will  produce  more  rapid  evolutionary  change  due 
to  random  genetic  drift.  Second,  it  could  be  that  balancing  selec- 
tion on  allozyme  loci  is  maintaining  similar  allele  frequencies 
despite  negligible  or  curtailed  gene  flow.  Finally,  the  mode  of 
analysis  could  have  an  effect  on  the  amount  of  separation  that  is 
detectable:  the  difference  between  allozymes  and  mtDNA  in  the 
ability  to  separate  Mulroy  Bay  scallops  from  other  populations 
may  be  because  the  molecular  changes  necessary  to  interconvert 
mtDNA  haplotypes  can  be  inferred,  whereas  the  evolutionary  his- 
tory of  allozymes  (protein  variants)  is  not  easily  discernible  (Mit- 
ton  1994).  Thus.  mtDNA  haplotype  analysis  need  not  be  confined 
solely  to  frequencies,  as  do  allozyme  data,  because  DNA  sequence 
divergence  levels  can  be  reliably  estimated.  It  is  the  sequence 
divergence  estimates,  not  haplotype  frequencies  (which  are  also 
the  input  for  the  nonsignificant  6  analysis;  see  above),  that  distin- 
guish Mulroy  Bay.  This  in  itself  is  somewhat  surprising,  because 
recently  separated  populations  are  expected  to  show  haplotype 
frequency  differences  before  sequence  divergence  (Cronin  1993). 
There  is  some  evidence  that  frequency  differences,  particularly  for 
the  commonest  haplotype  (AAAAAA).  exist,  but  these  are  not  at 
levels  that  produce  statistical  significance  (Wilding  et  al.  1997). 

DNA  data  also  suggest  that  further  population  structure  re- 
mains to  be  uncovered,  and  it  is  possible  that  Lyme  Bay  scallops 
may  be  to  some  extent  an  isolated  population.  This  sample  exhibits 
reduced  mitochondrial  haplotype  diversity  (Wilding  et  al.  1997) 
but  similar  allozyme  heterozygosity  relative  to  other  populations, 
suggesting  that  this  population  may  have  been  through  a  partial 
bottleneck.  Bottlenecks  affect  mtDNA  more  severely  than  alloz- 
yme loci  because  of  the  reduced  effective  population  size  of  the 
mlDNA  compared  with  nuclear  DNA  (Wilson  et  al.  1985).  Al- 
though a  few  private  haplotypes  do  occur,  the  two  common  hap- 
lotypes (AAAAAA  and  AABAAB)  predominate,  accounting  for 
83%  of  all  of  the  Lyme  Bay  individuals.  Lower  than  average 
mtDNA  diversity  could  imply  reduced  gene  How  into  Lyme  Bay 


and  suggests  either  that  the  population  is  undergoing  some  level  of 
inbreeding,  which  will  reduce  diversity,  or  that  a  bottleneck  has 
occurred  and  haplotype  frequencies  have  not  yet  returned  to  pre- 
bottleneck  levels.  Either  way.  there  must  be  an  element  of  self- 
recruitment  such  that  gene  flow  does  not  equilibrate  diversity.  In 
the  light  of  this,  it  is  particularly  noteworthy  here  that  Lyme  Bay 
scallops  show  some  evidence  of  morphological  discrimination  on 
the  basis  of  PC2  and  PC3. 

Our  a  priori  expectations  were  that  if  population  differentiation 
was  detectable,  then  the  observed  pattern  would  be  not  unlike  that 
displayed  by  the  queen  scallop  A.  opercidaris.  which  has  a  similar 
larval  and  byssal  drifting  dispersal  potential  and  a  similar  adult 
habitat  (Beaumont  1982,  Beaumont  1991,  Beaumont  and  Barnes 
1992).  Variation  in  frequency  of  the  common  mtDNA  haplotype 
(AAAAAA)  is  concordant  with  this  idea.  The  morphological  dis- 
creteness of  the  Brest  and  La  Trinite  samples  also  fits  with  this 
hypothesis  because  they  would  fall  into  a  Celtic  Sea  stock  (Beau- 
mont 1982)  and  would  therefore  be  expected  to  be  similar  to  each 
other  but  variant  from  other  samples.  The  Mull  population,  which 
along  with  scallops  from  Stonehaven  exhibited  evidence  of  genetic 
differentiation,  would  also  fall  into  a  separate  province.  North  and 
West  Scotland,  as  denoted  by  Beaumont  (1982).  Our  data  in  con- 
junction with  reproductive  cycle  data  (Paulet  et  al.  1988.  Cochard 
and  Devauchelle  1993.  Mackie  and  Ansell  1993)  and  evidence  for 
stock  structure  in  A.  opercidaris  (Beaumont  1982)  suggest  that  P. 
maximus  may  indeed  have  genetically  structured  populations,  but 
that  high-resolution  techniques  will  be  necessary  to  fully  elucidate 
these  (Wilding  et  al.  1997)  because  although  shape,  allozymes,  and 
mtDNA  all  provide  useful  information,  their  resolution  is  not  suf- 
ficient, and  the  patterns  they  reveal  are  neither  concordant  nor 
conclusive.  Inability  to  fully  differentiate  populations  with  selected 
genetic  markers  between  populations  should  not  be  taken  as  evi- 
dence of  lack  of  real  differentiation  (Carvalho  and  Hauser  1995), 
and  the  underlying  nonsignificant  structure  to  mtDNA  haplotype 
frequencies  suggests  that  further  work  on  high-resolution  tech- 
nologies such  as  microsatellite  DNA,  which  are  now  considered 
more  appropriate  for  investigating  population  differentiation 
(Wright  and  Bentzen  1995),  may  be  worthwhile. 

The  three  approaches  used  here  do  represent  a  gradient  of  in- 
creasing cost  in  terms  of  both  development  and  execution,  but  not 
cost  effectiveness.  It  is  evident  that  the  most  expensive  (mtDNA 
analysis)  has  provided  the  most  interpretable  evidence  of  genetic 
differentiation.  The  high  cost  of  development  of  a  microsatellite 
protocol  may  well  prove  justifiable  in  tenns  of  elucidation  of 
population  structure  lor  this  valuable  resource. 
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ABSTRACT  Our  results  show  differences  in  the  metabolic  response  to  temperature  of  two  stocks  of  bhie  mussels,  Mytilus  ediilis  (L.), 
from  different  sites.  The  metabolic  expenditures  differed  between  the  two  mussel  stocks,  but  the  thermal  sensitivities  of  the  metabolic 
rates  were  similar,  except  in  August.  At  that  time,  mussels  from  the  stock  that  is  susceptible  to  summer  mortality  (from  Great  Entry 
Lagoon)  were  more  themiosensitive  and  seemed  less  able  to  acclimate  their  metabolic  rates  to  the  high  habitat  temperatures  (>20°C), 
in  comparison  with  the  stock  of  mussels  that  are  resistant  to  summer  mortality  (from  Amherst  Basin).  Mussels  from  the  susceptible 
stock  also  had  higher  maintenance  costs  in  this  period.  The  combination  of  an  increased  metabolic  thermosensitivity  and  high 
maintenance  requirements  in  periods  of  high  temperatures  could,  at  least  partially,  explain  the  greater  susceptibility  to  summer 
mortality  of  mussels  from  Great  Entry,  The  higher  Vo,  of  the  susceptible  stock  of  mussels  was  accompanied  by  higher  maximal 
capacities  of  mitochondrial  substrate  oxidation  and  higher  activities  of  cytochrome  c  oxidase, 

KEY  WORDS:     Mytilus  eduli.s.  summer  mortality,  thermal  sensitivity,  oxygen  consumption,  mitochondria 


INTRODUCTION 

In  mussels  as  in  other  ectotherms,  temperature  is  a  major  de- 
teiminant  of  physiological  status  (Bayne  et  al.  1976a,  Hochachka 
and  Somero  1984.  Cossins  and  Bowler  1987,  Clarke  1993).  In 
response  to  short-term  thermal  fluctuations  within  the  range  of 
tolerated  temperatures,  filtration  and  oxygen  consumption  rates 
react  rapidly.  Thermal  acclimation  leads  blue  mussels  {Mytilus 
edulis)  and  other  littoral  invertebrates  to  vary  their  respiratory  and 
feeding  rates  at  a  given  temperature.  Over  .several  days  or  weeks, 
mussels  generally  adjust  their  rates  of  filtration  and  oxygen  con- 
sumption to  levels  comparable  with  those  found  before  the  tem- 
perature change  (Newell  and  Branch  1980,  Bayne  and  Newell 
1983).  These  compensatory  adjustments  should  conserve  energy 
reserves  at  high  temperatures.  This  would  be  particularly  important 
in  periods  of  reduced  food  availability  or  other  detrimental  condi- 
tions. 

Mussels  cannot  function  optimally  over  the  entire  temperature 
range  encountered  in  their  habitats.  Sublethal  temperatures  may 
increase  the  susceptibility  of  mussels,  especially  when  combined 
with  suboptimal  environmental  conditions  (Incze  et  al,  1980)  or 
with  higher  tnetabolic  demands  during  reproductive  activity 
(Thompson  1991).  Bayne  (1984)  and  Thompson  and  Newell 
(1985)  found  that  M.  edulis  is  generally  able  to  maintain  energy 
balance  only  between  5  and  20°C,  although  habitat  temperatures 
regularly  reach  higher  values.  Above  this  temperature  range,  mus- 
sels are  forced  to  use  their  reserves.  Furthermore.  Thompson  and 
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Newell  (1985)  show  that  mussels  from  Newfoundland,  where  the 
thermal  maximum  is  17°C,  catabolized  more  protein  and  showed 
a  severe  depression  of  the  clearance  rate  at  25"C  in  comparison  to 
mussels  from  Stony  Brook.  NY.  which  are  frequently  e.xposed  to 
this  temperature.  These  results  confirm  that  mussels  from  New- 
foundland were  under  greater  stress  than  mussels  from  Stony 
Brook,  This  suggests  that  long-temi  modification  of  environmental 
temperatures  may,  over  many  generations,  favor  the  appearance  of 
genetic  variants  adapted  to  a  new  thennal  regimen  (Newell  and 
Branch  1980). 

In  the  Magdalen  Islands,  mass  mussel  mortalities  in  cultivated 
populations  consistently  occur  in  the  summer  when  water  tempera- 
tures are  highest.  However,  high  temperatures  are  not  solely  re- 
sponsible for  these  mortalities  because  they  have  occurred  at  tem- 
peratures below  18°C  (Myrand  1991).  Studies  based  on  the  trans- 
fer of  different  stocks  of  mussels  to  various  locations  have 
deinonstrated  that  some  stocks  are  characterized  by  a  high  survival 
at  all  culture  sites,  whereas  others  are  consistently  susceptible  to 
mass  mortalities  (Dickie  et  al.  1984.  Mallet  et  al.  1987.  Mallet  et 
al.  1990.  Mallet  and  Carver  1989.  Sephton  and  Bryan  1991.  Fu- 
entes  et  al.  1992.  Myrand  and  Gaudreault  1995),  In  the  Magdalen 
Islands,  the  stock  that  is  highly  resistant  to  summer  mortality 
comes  from  Amherst  Basin,  where  summer  temperatures  are  high- 
est and  occasionally  exceed  25°C  (Myrand  and  Gaudreault  1995), 
In  stock-site  transfers  in  Nova  Scotia  and  Prince  Edward  Island, 
Mallet  et  al.  (1987)  noted  that  stocks  originating  from  more  stress- 
ful environments  (e.g..  environmental  changes  near  the  limits  of 
tolerance  of  an  organism)  tend  to  exhibit  lower  mortalities  than  do 
those  originating  from  less  stressful  environments. 
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In  this  study,  we  examined  whether  differences  in  the  thermal 
sensitivity  of  metabolic  processes  are  related  to  the  differential 
susceptibility  to  summer  mortality  of  different  stocks  of  mussels  in 
the  Magdalen  Islands.  Because  the  more  resistant  stock  of  mussels 
originates  from  the  site  with  the  most  thermal  variations  and  the 
highest  temperatures,  we  hypothesize  that  the  metabolic  rates,  par- 
ticularly the  basal  rate,  of  these  mussels  are  less  temperature  sen- 
sitive at  high  temperatures. 

In  a  previous  study  in  which  we  compared  the  scope  tor  growth 
of  the  resistant  and  susceptible  stocks,  we  found  that  these  stocks 
differed  in  their  level  of  oxygen  consumption  and  ammonia  ex- 
cretion but  not  in  their  clearance  rate  and  assimilation  efficiency 
(Tremblay  et  al.  1998).  We  also  observed  that  mussels  from  the 
susceptible  stock  showed  a  significant  deficiency  in  heterozygosity 
that  was  not  observed  in  those  from  the  resistant  stock  and  that 
maintenance  metabolism  was  highly  correlated  with  the  degree  of 
heterozygosity  (Tremblay  et  al.  1998).  Mussels  with  a  less  ther- 
mosensitive  metabolic  rate  or  lower  maintenance  requirements 
would  be  favored  in  environments  undergoing  marked  thermal 
fluctuations  (Newell  and  Branch  1980.  Hawkins  and  Bayne  1992). 
Protein  turnover,  which  represents  the  balance  between  protein 
synthesis  and  breakdown,  is  a  major  factor  setting  maintenance 
requirements  in  mussels  (Hawkins  et  al.  1986).  As  demonstrated 
by  Hawkins  et  al.  ( 1987)  and  Hawkins  (1995  and  1996),  mussels 
that  possess  high  rates  of  protein  turnover  and  the  consequent  high 
metabolic  costs  are  more  sensitive  to  changes  in  temperatures  and 
are  more  likely  to  die  at  an  elevated  temperature  than  are  mussels 
with  lower  maintenance  metabolism.  Thus,  we  suppose  that  the 
greater  heterozygosity  of  the  resistant  stock  would  favor  a  lower 
thermal  sensitivity  of  protein  turnover  and  thus  of  maintenance 
metabolism. 

We  predict  that  mussels  from  the  resistant  stock  invest  a 
smaller  proportion  of  their  maximal  aerobic  capacity  into  mainte- 
nance requirements  at  high  temperature  than  do  mussels  from  the 
more  sensitive  stock.  Thus,  we  measured  the  thermal  sensitivity  of 
basal  and  maximal  metabolic  rates.  This  allowed  us  to  exainine 
whether  the  ratio  of  the  basal  to  maximal  metabolic  rates  at  high 
temperatures  is  lower  for  resistant  mussels  than  for  susceptible 
mussels.  Our  underlying  premise  is  that  even  a  small  reduction  in 
the  temperature  dependence  of  metabolic  rates  in  the  upper  ther- 
mal range  may  increase  the  resistance  to  mass  mortality.  As  an 
estimate  of  the  mussels'  resistance  to  difficult  environmental  con- 
ditions, we  compared  the  responses  of  the  two  stocks  to  air  expo- 
sure. 

Because  mitochondria  are  the  sites  of  aerobic  ATP  provision 
and  may  set  the  maximal  limits  and  the  thermal  sensitivity  of 
oxygen  uptake,  we  compared  the  thermal  sensitivity  of  maximal 
oxidative  capacities  of  mitochondria  in  these  two  stocks  with  the 
thermal  sensitivity  of  basal  and  maximal  Vo,.  Finally,  we  mea- 
sured the  activity  of  cytochrome  c  oxidase  (CCO)  in  the  mussels 
used  in  Vo,  experiments.  CCO  is  an  integral  component  of  the 
electron  transport  chain  and  one  of  the  sites  regulating  mitochon- 
drial ATP  production  (Groen  et  al.  1982,  Tager  et  al.  1983,  Hei- 
nemann  and  Balaban  1990).  Thus,  we  have  used  the  activity  of  this 
enzyme  to  compare  the  oxidative  capacity  and  mitochondrial 
abundance  in  mussels  from  the  two  stocks. 


MATERIALS  AND  METHODS 


Sampling 


Mussel  spat  were  gathered  from  collectors  placed  in  Amherst 
Basin  (6r'45',  47°15';  mussels  that  are  resistant  to  summer  mor- 


tality) and  in  Great  Entry  lagoon  (6r30',  47°30';  mussels  that  are 
susceptible  to  summer  mortality)  in  the  Magdalen  Islands,  south- 
ern Gulf  of  St.  Lawrence.  Spat  were  placed  in  socks  and  suspended 
at  the  commercial  culture  site  in  Great  Entry  Lagoon  in  fall  1991. 
One-year-old  mussels  were  collected  for  bioenergetic  studies  by 
SCUBA  diving  to  avoid  the  emersion  of  the  other  mussels  in  the 
socks  in  the  middle  of  each  month  between  May  and  September 
1992.  Mussels  were  transported  in  insulated  containers  to  the  labo- 
ratory within  1  h  and  were  placed  in  filtered  seawater  (0.45-|jim- 
pore-size  filler)  at  the  temperature  measured  in  the  lagoon  at  the 
time  of  sampling  (May,  10°C;  June,  I3"C;  July,  15°C;  August, 
20°C;  September,  18°C).  The  salinity  was  30  ppt,  as  in  the  lagoon, 
and  the  photoperiod  was  adjusted  to  ambient  conditions.  From 
1990  to  1993,  a  Ryan  Peabody  thermograph  was  placed  in  Am- 
herst Basin  and  Great  Entry  Lagoon  during  the  icefree  periods. 

Resistance  lu  Air  Exposure 

The  tolerance  of  mussels  to  air  exposure  was  measured  in  order 
to  compare  the  resistance  to  a  controlled  external  stress  between 
the  two  stocks.  Air  exposure  is  a  convenient  stress  for  this  purpose 
(Eertman  et  al.  1993,  Eertman  and  de  Zwaan  1994,  Viarengo  et  al. 
1995).  In  early  June  and  early  August,  100  mussels  of  each  stock 
were  placed  in  a  single  layer  on  a  plastic  tray  at  5°C  at  a  relative 
humidity  of  approximately  100%.  This  temperature  was  chosen  to 
slow  down  mortality  and  facilitate  the  determinations.  Under  these 
conditions,  gaping  should  not  lead  to  significant  desiccation.  The 
mussels  were  examined  daily.  They  were  considered  alive  when 
they  closed  their  valves  in  response  to  a  stimulus  or  when  closed 
mussels  resisted  forcible  valve  separation.  At  the  beginning  of  this 
experiment,  20  mussels  of  each  stock  were  sampled,  measured, 
shucked,  pooled,  and  freeze  dried.  Dry  tissue  was  weighed  before 
quantifying  glycogen  (Van  Handel  1965),  lipid  (Bligh  and  Dyer 
1959),  and  protein  (Tecator  1981).  The  analytical  procedures  are 
detailed  in  Gendron  and  Rioux  (1994). 

Thernwsensitivily  of  Metabolic  Rates 

Twelve  mussels  and  a  control  (empty  shell)  from  each  stock 
were  placed  in  individual  numbered  plastic  cages  (mesh  size,  20 
mm;  cages  had  been  previously  washed  with  sodium  hypochloride 
and  extensively  rinsed  with  filtered  [0.45  (Am  pore  size]  seawater) 
that  were  suspended  in  an  aquarium.  We  used  cages  to  avoid 
breaking  the  mussels'  byssal  threads  during  their  transfer  to  the 
respirometry  chambers.  Seawater  was  oxygenated,  and  half  of  the 
volume  of  the  aquarium  was  changed  daily  without  exposing  the 
mussels  to  air.  Each  month,  the  mean  length  (mm  ±  SE)  of  the 
mussels  was  chosen  to  minimize  the  intrastock  and  interstock 
variation  (May:  Great  Entry,  43  ±  1.5;  Amherst  Basin  45  ±  2.2; 
June:  Great  Entry,  46  ±  1.8;  Amherst  Basin,  49  ±  2.5;  August: 
Great  Entry,  50  ±  1.4;  Amherst  Basin,  54  ±  2.1;  September:  Great 
Entry,  52  ±  2.2;  Amherst  Basin.  58  ±  2.9). 

Our  strategy  was  to  approximate  maximal  Vo-,  values  by  feed- 
ing the  mussels  at  maximal  rates  and  basal  'Vo,  by  starving  the 
same  mussels.  Mussels  were  starved  for  2  days  to  establish  similar 
starting  points  before  the  bioenergetic  study.  For  maximal  Vo, 
values,  each  mussel  was  fed  three  times  a  day  for  4  days  with  a 
mixture  of  Isodirxsis  aulhaiia.  Miinochrysis  lulhcrie.  and  Thalas- 
siosira  pseudoiuiiui  at  a  concentration  of  10,000  cells  mL  '  (a 
ration  of  6-7%  of  their  body  mass  daily).  The  oxygen  consumption 
of  the  mussels  was  measured  at  the  beginning  and  the  end  of  the 
feeding  period.  This  feeding  regime  induced  the  production  of 
pseudofeces,  which  indicates  that  the  filtration  system  of  mussels 
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was  salLirated  and  thai  they  were  feeding  at  maximal  rates  (Thomp- 
son and  Bayne  1972.  Foster-Smith  1975).  This  algal  concentration 
was  lower  than  the  level  (25.000  cells  mL"')  known  to  suppress 
filtration  (Thompson  and  Bayne  1972).  Basal  Vo,  was  approxi- 
mated by  starving  the  mussels  (Bayne  197.'^)  in  filtered  (0.45  ijim 
pore  size)  seawater.  Oxygen  consumption  was  measured  after  2.  5. 
and  7  days  of  starvation.  Basal  Vo,  was  defined  as  the  rate  mea- 
sured after  7  days  of  starvation.  Finally,  starved  mussels  were  fed 
again  for  4  days,  and  oxygen  consumption  was  measured  on  Days 
2  and  4  to  verify  whether  maxitnal  Vo,  values  were  restored.  The 
maximal  Vo,  was  chosen  as  the  highest  value  during  the  two 
feeding  periods. 

Oxygen  uptake  was  measured  for  each  mussel  and  the  shell- 
only  control  in  a  closed  respirometer  (5S0  niL)  for  a  minimum  of 
1  h  at  an  O,  partial  pressure  >  100  torr.  Each  cage  containing  its 
resident  mussel  was  removed  froin  the  main  aquarium  and  placed 
on  a  support  in  the  respirometer  without  exposing  the  mussel  to  air. 
Water  was  circulated  with  a  magnetic  stirrer.  Oxygen  saturation 
was  measured  v\ith  a  polarographic  electrode  (Clark-type  oxygen 
electrode  YSl.  Model  5331)  coupled  to  an  oxymeter  (Cameron 
Instruments  Company.  Model  OM400).  The  signal  was  monitored 
on  a  chart  recorder  (Linear.  Model  0585).  Before  the  beginning  of 
measurements,  mussels  were  maintained  for  2  h  in  the  respirom- 
eter. w  ith  continued  circulation  of  fresh  aerated  seawater  to  permit 
their  habituation  to  the  experimental  conditions  (Bayne  et  al. 
1976b). 

The  acute  response  of  the  different  Vo,  values  to  temperature 
was  measured  by  successively  bringing  the  experimental  mussels 
to  5,  20.  and  25°C  each  time  with  a  2-h  equilibration  period.  In 
preliminary  studies,  we  sometimes  noted  an  overshoot  of  Vo,  in 
response  to  a  rise  in  temperature,  followed  by  a  period  of  stabili- 
zation that  lasted  several  minutes  (results  not  shown),  as  noted  by 
Precht  et  al.  (1973).  After  a  2-h  stabilization  period  at  the  new 
temperature,  oxygen  consumption  rates  were  linear  for  over  1  h  (or 
until  a  POt  of  100  torr).  Therefore.  2  h  at  the  new  temperature  was 
sufficient  to  attain  stable  metabolic  responses.  Finally,  mussels 
were  returned  to  the  aquarium  at  the  habitat  temperature.  Thus,  for 
the  oxygen  uptake  measurements,  mussels  were  exposed  daily  to 
four  different  temperatures.  When  mussels  spawned  during  mea- 
surements, the  data  were  eliminated  (a  total  of  1 1  mussels  were 
eliminated  in  the  entire  summer).  Mussel  dry  mass  was  determined 
after  half  of  the  flesh  was  dried  at  70°C  for  72  h  (the  wet  mass  of 
each  half  was  measured  initially).  The  other  half  of  the  wet  flesh 
was  used  for  CCO  measurements. 

Allomelric  Corrections 

Allometric  equations  were  obtained  for  respiration  rates  of  40 
mussels  from  Great  Entry  and  40  mussels  from  Amherst  Basin 
(shell  length,  10-60  mm)  sampled  in  May  1992  and  acclimated  for 
14  days  at  20°C.  These  mussels  originated  from  socks  cultivated  in 
Great  Entry  Lagoon  and  were  chosen  in  order  to  obtain  the  greatest 
possible  range  of  shell  length  (10-70  mm).  Only  the  allometric 
equation  for  basal  Vo,  was  measured  because  the  value  of  the 
exponent  b  is  approximately  the  same  for  basal  and  maximum  Vo, 
values  (Bayne  et  al.  1976a.  Bayne  and  Newell  1983).  The  allo- 
metric correction  was  applied  to  our  measurements  (Vo,^)  of  oxy- 
gen consumption  us  follows: 


Vo,,  =  (M./MJ"  ■  Vo,, 


(1) 


where  Vo,,  is  the  oxygen  uptake  of  standard  mussel  of  1  gram  of 
dry  flesh  mass,  M^  is  1  g  (mean  size  of  our  experimental  mussels). 


M^.  is  the  dry  flesh  mass  of  the  experimental  mussels,  and  b  is  the 
exponent  of  the  equation  relating  mass  specific  oxygen  uptake  to 
dry  flesh  mass. 

Mitochondrial  Measurements 

Mussels  (40-60  mm  shell  length)  were  sampled  in  November 
1993  and  July  1994,  maintained  in  .seawater.  and  placed  on  ice 
during  their  transport  to  Universite  Laval.  In  the  laboratory,  mus- 
sels were  kept  in  recirculating  artificial  seawater  (salinity.  30  ppt) 
for  at  least  2  wk  before  their  use.  Water  temperature  was  main- 
tained at  ambient  levels  (5°C  in  November  and  15°C  in  July),  and 
mussels  were  fed  a  mixure  of  /.  galbana.  M.  lutherie.  and  T.  pseu- 
doiuma.  All  measurements  were  done  within  35  days  of  sampling. 
We  tried  to  isolate  intact  mitochondria  from  the  digestive  gland 
and  from  the  mantle,  but  adequate  results  were  only  obtained  with 
the  digestive  gland.  A  slight  modification  of  the  method  of  Bal- 
lantyne  and  Moon  (1985)  was  used.  The  digestive  glands  of  8-10 
mussels  were  trimmed  of  other  tissues,  and  the  crystalline  styles 
were  removed.  The  excised  tissues  were  placed  in  10  mL  of  iso- 
lation medium  containing  480  niM  sucrose.  100  niM  KCI.  50  mM 
NaCl,  70  mM  HEPES  (A'-2-hydroxyethyl  piperizine-N'-e-ethane 
sulfonic  acid),  6  mM  EGTA  (ethylene  glycol-/)/,v-amino-ethyl 
ether  N,N'-tetraacetic  acid),  3  mM  EDTA  (ethylene  diamine  tet- 
raacetic  acid),  2%  BSA  (bovine  serum  albumin).  2  pM  leupeptin, 
and  I  (J.M  phenylmethylsulfonyl  fluoride.  The  tissue  was  homog- 
enized with  three  passes  of  a  motorized  Potter/Elvehjem  homog- 
enizer  (900  rpm)  with  a  loosely  fitting  Teflon  pestle.  The  resulting 
homogenate  was  centrifuged  for  10  min  at  I.  150  ,?.  The  superna- 
tant was  then  centrifuged  at  10.500  g  for  10  min.  The  resulting 
pellet  was  resuspended  in  400  |j,L  of  isolation  medium  and  used 
for  the  measurement  of  mitochondrial  oxygen  uptake  and  for  pro- 
tein determinations. 

Oxygen  consumption  was  monitored  in  a  thermostated  YSl 
respiration  cell  with  a  Clarke-type  electrode  (YSL  Model  5331). 
The  system  was  calibrated  with  the  respiratory  assay  medium  satu- 
rated with  air  at  5  or  I5''C.  Temperature  was  maintained  with  a 
Haake  refrigerated  circulator.  The  assay  medium  contained  70  mM 
HEPES.  10  iiiM  KH,P04.  480  niM  sucrose.  100  mM  KCI.  50  mM 
taurine,  50  mM  alanine,  and  2%  BSA.  The  pH  was  adjusted  to  7.6 
at  5°C.  For  each  assay,  0.75-3.0  mg  of  mitochondrial  protein  was 
added  to  1.5  mL  of  medium.  The  rate  of  oxygen  uptake  was 
measured  after  the  addition  of  acetyl-DL-carnitine  (final  concen- 
tration. 100  (jlM)  or  L-glutamate  (final  concentration,  40  mM). 
State  3  (the  maximal  ADP-stimulated  rate  of  substrate  oxidation) 
was  obtained  by  adding  ADP  (final  concentration.  500  |jlM).  The 
respiratory  control  ratios  (RCR)  were  calculated  from  the  ratio  of 
the  State  3  to  the  State  4  rates  (after  all  ADP  had  been  phosphor- 
ylated;  Estabrook  1967).  All  measurements  were  done  within  1  h 
after  the  isolation  of  mitochondria.  Biochemical  products  were 
purchased  from  Sigma  Chemical  Co..  except  leupeptin  and  cyto- 
chrome c.  which  were  purchased  from  Boehringer  Mannheim. 

CCO  Activity 

The  same  mussels  used  to  examine  the  thermal  sensitivity  of 
Vo,  were  also  u.sed  to  quantify  the  activity  of  CCO  by  the  method 
of  Goolish  and  Adelman  ( 1987).  The  determinations  were  made  in 
a  half-individual  and  expressed  as  specific  activity  (U  or  ixmol  of 
substrate  converted  to  product.  min~'  g~'  of  dry  tissue).  A  micro- 
molar  extinction  coefficient  of  19.1  was  used.  Frozen  mussel 
halves  were  homogenized  in  5  vol  of  cold  10  mM  sodium  phos- 
phate buffer  (pH  7.6)  with  three  30-sec  bursts  with  a  Polytron 
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tissue  homogenizer  (Brinkmunn  Instruments,  Oakdale.  Ontario) 
separated  by  30  sec  of  cooling  on  ice.  Homogenates  were  centri- 
fuged  at  1,200  g  for  13  min  in  a  Sorval  refrigerated  centrifuge 
(4°C).  After  the  reinoval  of  the  superficial  hpid  layer,  the  super- 
natant was  used  for  the  analysis  of  CCO  activity.  The  reaction  was 
monitored  by  the  decline  in  absorbance  at  550  nm  with  1  mM 
cytochrome  c.  10  (xM  sodium  phosphate  buffer  (pH  7.6)  at  20°C. 
Cytochrome  c  was  reduced  with  ascorbic  acid  (10  mM)  that  was 
subsequently  removed  by  dialysis.  Blanks  were  composed  of  1 
mM  cytochrome  c  oxidized  with  0337c  (w/v)  potassium  ferricya- 
nide. 

Statistical  Analysis 

Oxygen  consumption  values  were  logn,  transformed  to  normal- 
ize the  values.  The  allometric  curves  of  the  two  stocks  were  com- 
pared with  analysis  of  covariance  (ANCOVA).  One-way  and  mul- 
tiple analyses  of  variance  ( ANOVA)  were  carried  out  to  assess  the 
effects  of  independent  variables  on  Vo^  and  CCO  measures.  A 
Student  Mest  was  used  to  compare  values  for  the  two  stocks.  The 
percent  mortalities  of  mussels  during  air  exposure  were  analyzed 
with  tests  for  independence  using  the  G-statistic  (Sokal  and  Rohlf 
1981 ).  Finally,  comparisons  of  mitochondrial  oxidative  capacities, 
thermal  sensitivities,  and  RCR  were  done  with  the  Wilcoxon  test. 
All  tests  were  carried  out  with  Systat  (Systat  Inc.). 

RESULTS 

Environmental  Temperatures 

In  general,  the  two  sites  exhibited  similar  thermal  profiles 
(Myrand  and  Gaudreault  1995),  although  given  its  smaller  size, 
Amherst  Basin  warmed  up  more  rapidly  than  did  Great  Entry 
Lagoon.  Maximum  mean  daily  temperatures  were  observed  at  both 
sites  in  mid-August;  21.6  In  1990,  20.7  in  1991,  and  19.3°C  in 
1993  for  Great  Entry  Lagoon  and  22.8  in  1990,  22.7  in  1991.  and 
20.6°C  in  1993  for  Amherst  Basin.  Amherst  Basin  consistently  had 
more  degree-days  over  15°C,  and  particularly  over  20°C,  than  did 
Great  Entry  lagoon  (Table  I ). 

Resistance  to  Air  Exposure 

Mussels  from  the  su.sceptible  stock  always  had  a  shorter  sur- 
vival time  than  did  those  from  the  resistant  stock.  LT50  values  of 

TABLE  L 

Number  of  degree-days  over  15  and  ZO^C  during  the  summer 

months  for  Amherst  Basin  (AB)  and  C.reat  Entry  Lagoon  (GE) 

between  1^90  and  1993. 


Year 

Location 

June 

July 

August 

September 

Total 

1990 

AB>  15°C 

II 

y\ 

31 

IS 

91 

AB  >  20°C 

0 

12 

IS 

T 

32 

GE>15°C 

5 

31 

31 

19 

8ft 

GE  >  20°C 

0 

4 

14 

-) 

20 

IWI 

AB>  15  C 

II 

2S 

31 

14 

S4 

AB  >  20X 

(1 

13 

10 

0 

23 

GE  >  15°C 

ft 

2ft 

31 

9 

72 

GE  >  20°C 

0 

.S 

1 

0 

6 

199.^ 

AB>  15°C 

0 

16 

31 

IS 

ft.S 

AB  >  20°C 

0 

0 

7 

{) 

7 

GE>15°C 

0 

5 

2K 

19 

52 

GE  >  20°C 

0 

0 

0 

0 

0 

the  susceptible  stock  in  June  and  August  were  13  and  II  days, 
respectively,  compared  with  22  and  21  days  for  the  resistant  stock. 
All  mussels  from  the  susceptible  stock  were  dead  after  25  days  in 
June  and  August,  whereas  39  days  was  required  in  June  and  33 
days  in  August  for  all  mussels  from  the  resistant  stock  to  die. 
Despite  these  differences  in  resistance  to  air  exposure,  the  ener- 
getic reserves  of  a  pool  of  20  individuals  from  each  stock  (sampled 
at  the  start  of  the  determination)  were  similar  for  the  two  stocks  in 
June  (resistant  stock:  glycogen,  112.1  mg  g"'  dry  mass;  proteins, 
613  mg  g~'  dry  mass;  lipids,  64.3  mg  g"'  dry  mass;  susceptible 
stock:  glycogen,  124.1  mg  g"'  dry  mass;  proteins.  598  mg  g"'  dry 
mass;  lipids,  51.7  mg  g"'  dry  mass)  and  August  (resistant  stock: 
glycogen.  46.5  mg  g"'  dry  mass;  proteins,  645  mg  g"'  dry  mass; 
lipids,  39.8  mg  g"'  dry  mass;  susceptible  stock:  glycogen.  45.2  mg 
g"'  dry  mass;  proteins,  657  mg  g"'  dry  mass;  lipids,  36.5  mg  g~' 
dry  mass). 

Allometric  Corrections 

We  used  a  common  slope  of  0.65  (based  on  individual  rates  of 
VOi  vs.  dry  mass)  for  the  allometric  corrections  for  metabolic  rate 
because  no  differences  were  found  between  the  allometric  equa- 
tions for  the  two  stocks  of  mussels  (Fig.  I ).  The  homogeneity  of 
slopes  and  the  elevations  were  found  to  be  equal  by  ANCOVA.  An 
allometric  equation  was  also  established  for  the  activity  of  CCO. 
Again,  no  differences  were  found  between  the  equations  for  the 
two  stocks  (Fig.  I).  Thus,  a  common  slope  of  0.23  (based  on 
specific  activities  vs.  dry  mass)  was  used  to  standardize  the  activity 
of  CCO  to  that  for  a  mussel  of  I  g  of  dry  flesh  mass. 

Maximal  and  Basal  Metabolic  Rates 

At  each  temperature,  the  change  from  starvation  to  maximal 
feeding  significantly  modified  oxygen  uptake  (ANOVA,  p  <  0.05; 
Fig.  2).  During  starvation,  the  oxygen  consumption  of  standard 
mussels  of  I  g  from  both  stocks  decreased.  When  mussels  were  fed 
again,  oxygen  consumption  returned  to  approximately  maximal 
levels.  These  results  were  consistent  with  the  studies  of  Thompson 
and  Bayne  (1972)  and  Bayne  (1973).  Multiple-way  ANOVA  in 
which  the  independent  variables  were  exposure  temperature,  stock 
origin,  and  feeding  status  demonstrated  that  these  variables  sig- 
nificantly affected  basal  V02  (feeding  status:  F  =  35,  DF  =  4  and 
379.  p<  0.001;  stock  origin:  F  =  51.DF  =  1  and  379,  p  <  0.001: 
exposure  temperature:  F  =  98,  DF  =  3  and  379,  p  <  0.001),  and 
maximum  Vo,  (feeding  status:  F  =  15,  DF  =  4  and  379,  p  < 
0.001;  stock  origin:  F  =  135.  DF  =  I  and  379.  p  <  0.001; 
exposure  temperature:  F  =  35.  DF  =  3  and  379.  p  <  0.001). 

Thermal  Scnsilivily  of  Metabolic  Rates 

The  response  of  basal  and  maximum  Vo,  to  exposure  teinpera- 
ture  as  well  as  their  levels  at  habitat  temperatures  (1()"C,  May; 
13°C,  June;  I5°C,  July;  20°C,  August,  and  18°C.  September)  are 
shown  in  Figure  3 A  and  B)  for  resistant  mussels  and  in  Figure  4A 
and  B)  for  susceptible  mussels.  The  metabolic  rates  at  the  habitat 
temperature  at  the  time  of  sampling  are  shown  in  Figures  3C  and 
4C.  Basal  and  maximum  Vo,  values  were  always  greater  for  mus- 
sels from  the  su.sceptible  stock  than  for  mussels  from  the  resistant 
stock.  The  thermal  sensitivity  of  the  metabolic  rates  was  similar  for 
the  two  stocks,  with  a  direct  increase  of  metabolic  rate  with  ex- 
posure temperature,  except  in  August.  Generally,  the  C?,,,  values 
lor  both  metabolic  rales  differed  lillle  amoui;  months  or  helween 
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Fijjure  I.  Allometric  relation  between  basal  No,  and  dry  flesh  mass  for  mussels  from  the  resistant  (Amherst  Basin,  A)  and  from  the  susceptible 
(Great  Kntry,  B)  stock  and  allometric  relation  between  CCO  activity  and  dry  flesh  mass  for  mussels  from  the  resistant  (Amherst  Basin,  A)  and 
from  the  susceptible  (Great  Entry,  B)  stock  sampled  in  May  1992  from  socks  suspended  in  Great  Entry  Lagoon.  Mussels  were  acclimated  for 
14  days  at  20°C  before  measurements. 


the  stocks,  with  average  values  between  1.79  and  2.21  (Table  2). 
However,  for  the  susceptible  stock  sampled  in  August,  the  Q,„ 
values  between  20  and  25*  C  were  significantly  higher  than  those 
obtained  between  3  and  20°C  and  than  those  of  the  resistant  stock 
(Wilcoxon.  p  <  0.05).  In  August,  the  Qm  values  between  20  and 
25°C  for  basal  and  maximum  Vo,  were  2.46  and  2.61.  respec- 
tively, for  mussels  from  the  susceptible  stock. 

Measurements  of  both  basal  and  maximum  Vo,  at  habitat  tem- 
peratures (Fig.  3C  and  4C)  showed  significant  variation  with  sea- 
son (ANOVA,  p  <  0.05).  Nevertheless,  Tukey  a  posteriori  tests 
identified  only  three  specific  differences  among  sampling  periods: 
in  May.  the  basal  Vo,  of  mussels  from  the  resistant  stock  was 
lower  than  that  at  other  dates  (Tukey.  p  <  0.001);  in  August,  the 
basal  and  maximal  Vo^  values  of  mussels  from  the  susceptible 
stock  were  higher  than  those  at  the  other  dates  (Tukey.  p  <  0.05); 
and  in  September,  the  basal  Vo,  of  the  two  stocks  was  lower  than 
that  on  the  other  dates  (Tukey.  p  <  0.05).  These  results  suggest  that 
the  seasonal  increase  in  metabolic  rate  that  would  have  been 
caused  by  the  acute  response  to  temperature  is  usually  minimized 
by  thermal  acclimation.  However,  in  August,  the  mussels  from  the 
susceptible  stock  did  not  seem  able  to  acclimate  their  metabolic 
rates  completely,  because  these  remained  higher  than  expected. 

The  ratio  of  basal  to  maximal  VOo  values  at  habitat  (Table  3) 
and  exposure  temperatures  (Table  4)  was  calculated  for  each 
month.  This  ratio  estimates  the  proportion  of  the  maximal  meta- 
bolic rate  that  is  allocated  to  maintenance  requirements.  Whereas 
acute  temperature  changes  had  no  significant  effect  on  this  ratio 
for  either  stock  (p  >  0.05).  the  origin  of  the  stock  significantly 


affected  the  ratio  (ANOVA  with  three  factors,  p  <  0.001).  This 
difference  was  significant  in  May  and  August,  when  mussels  from 
the  susceptible  stock  had  a  higher  ratio  than  did  those  from  the 
resistant  stock.  In  May.  the  basal  Vo,  of  mussels  from  the  resistant 
stock  represented  only  11%  of  the  maximal  Vo,  at  the  habitat 
temperature  (10°C).  in  comparison  to  467f  for  mussels  from  the 
susceptible  stock  (Table  3).  In  August,  at  the  habitat  temperature 
(20"C).  this  value  was  49%  for  mussels  from  the  resistant  stock 
and  59%  for  those  from  the  susceptible  stock  (Table  4). 

Mitochondrial  Measurements 

For  mitochondria  isolated  from  the  digestive  gland  of  the  two 
stocks  of  mussels.  State  3  rates  of  oxidation  of  t-glutamate  and 
acetyl-DL-camitine  were  similar  at  5°C  in  July  (Wilcoxon,  p  > 
0.05)  but  differed  at  15°C  (Wilcoxon.  p  <  0.05;  Table  5).  Mito- 
chondrial oxidation  of  glutamate  consistently  had  a  higher  RCR 
than  did  that  of  acetyl-DL-carnitine  (Wilcoxon.  p  <  0.05).  At  I5°C 
in  July  and  5°C  in  November,  mitochondria  from  mussels  from  the 
susceptible  stock  oxidized  substrates  at  higher  rates  than  did  those 
from  the  resistant  stock  (Wilcoxon.  p  <  0.05).  Further,  the  RCR 
values  were  consistently  higher  for  mitochondria  from  the  suscep- 
tible stock.  Finally,  we  observed  no  differences  in  oxidation  rates 
and  RCR  values  between  November  and  July  at  5°C,  except  that 
the  RCR  values  for  glutamate  oxidation  for  mussels  from  the  sus- 
ceptible stock  were  higher  in  Noveinber  than  in  July  (Wilcoxon,  p 
<  0.001).  Finally.  (3,,,  values  for  oxidation  of  glutamate  were 
higher  than  those  for  acetyl-DL-camitine  for  both  stocks  (Wil- 
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Figure  2.  Variation  of  oxygen  consumption  for  mussels  from  tiie  susceptible  stock  (Great  Entry  Lagoon,  n  =  12)  and  the  resistant  stock  (Amherst 
Basin,  n  =  12)  in  relation  to  feeding  and  starvation  during  the  summer  months  of  1992.  Oxygen  consumption  was  measured  al  four  temperatures 
(5  C,  the  habitat  temperature  at  the  time  of  sampling,  2(1  C  and  25C|.  Mean  ±  SK. 


coxon,  p  <  0.05:  Table  3).  The  Q^„  values  did  not  differ  between 
stocks. 

ceo  Activity  Measurements 

Mussels  from  the  susceptible  stock  had  higher  total  activities  of 
ceo  than  did  those  from  the  resistant  stock,  except  in  August 
(ANOVA  with  two  factors,  p  <  0.05;  Fig.  5).  Generally,  CCO 
activity  was  lower  in  September  than  in  May  for  both  stocks 
(ANOVA,  p  <  0.05).  although  a  marked  peak  was  present  in  July 
for  mussels  from  the  susceptible  stock.  No  relationships  were  ap- 
parent between  the  CCO  activities  in  a  given  monlh  and  the  basal 


and  maximum  Vo^  for  either  stock  of  mussels,  suggesting  that  the 
VOt  is  not  a  constant  function  of  the  available  mitochondrial  ca- 
pacity. 

DISCUSSION 

The  thermal  sensitivity  of  the  Vo^  values  of  these  two  stocks  of 
M.  ediilis  from  Magdalen  Islands  differs  somewhat  from  the  pat- 
tern established  for  mussels  from  similar  latitudes,  such  as  New- 
foundland (Thompson  and  Bayne  1985)  or  the  United  Kingtloni 
(Widdows  197.3).  As  expected,  metabolic  rate  increased  with  a 
short-term  inci'ease  in  temperature  (Newell  and  Pye  197()b.  Wid- 
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Figure  3.  The  rate  of  basal  (A)  and  maximum  (B)  Vo,  of  mussels  from  the  resistant  stock  (Amherst  Basin)  sampled  monthly  during  the  summer 
at  a  variety  of  exposure  temperatures.  (C)  Measurements  of  basal  and  maximum  Vo,  at  habitat  temperatures  (May,  IOC:  June,  I3'C;  July, 
15  C;  August,  20  C;  September,  18  C).  Twelve  mussels  were  sampled  each  month.  Mean  ±  SK. 


dows  and  Bayne  1971.  Bayne  et  al.  1973.  Bayne  et  al.  1976a).  For 
mussels  from  the  United  Kingdom,  the  rate  of  change  of  ma.ximum 
Vo,  with  temperature  normally  declines  over  20°C,  because  at 
these  temperatures,  the  basal  and  maximum  rate-temperature 
curves  converge  (Newell  and  Pye  1970a.  Newell  and  Pye  1970b. 
Widdows  1973).  This  convergence  appears  to  be  correlated  with  a 
breakdown  in  the  compensatory  mechanisms  (Bayne  et  al.  1973). 
We  did  not  observe  a  decrease  in  the  rate  of  change  of  maximum 
Vo,  above  20°C  in  mussels  from  either  study  site.  Thus,  we  sup- 
pose that  mussels  from  the  Magdalen  Islands  ha\  e  a  higher  thermal 
tolerance,  as  observed  in  mussels  from  Long  Island  Sound.  NY.  by 


Thompson  and  Newell  (1985).  A  gradual  reduction  of  maximal 
metabolic  rate  probably  occurs  at  temperatures  above  25^C.  This 
response  could  be  related  to  the  adaptation  of  these  mussel  popu- 
lations to  life  in  the  semiclosed  lagoons,  where  they  experience  a 
warmer  thermal  environment  than  in  the  sea.  Effectively,  although 
the  waters  in  the  Gulf  of  St.  Lawrence  are  generally  cool,  mussels 
in  the  lagoons  in  the  Magdalen  Islands  are  frequently  exposed  to 
temperatures  over  20^C  (Table  1 ). 

The  acute  rale-temperature  curves  for  basal  and  maximal  Vo, 
tended  to  shift  to  the  right  as  temperatures  at  the  time  of  sampling 
increased,  indicating  seasonal  acclimation.  This  translation  of  the 
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Figure  4.  The  rate  of  basal  (.\)  and  maximum  (B)  \o,  of  mussels  from  the  susceptible  stock  (tJreat  Entry  Lagoon)  sampled  monthly  during  the 
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July,  15°C;  August,  20°C;  September,  18C).  Twelve  mussels  were  sampled  each  month.  Mean  ±  SE. 
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TABLE  2. 

Thermal  sensitivity  {Q,„  values)  of  tlie  basal  and  maximum  Vo,  between  5-20°C  and  20-25°C  for  mussels  from  the  susceptible  (Cireat 

Entry)  and  resistant  stocks  (Amherst  Basin). 


Amherst  Basin 

Great  Entry 

Mouth 

5-20°C 

20-25  C 

5-20X 

20-25  C 

Miiv 

Basal 

1.74  ±0.20 

I.XX±0.I6 

1.96  ±0.08 

2.02  ±0.14 

Maximum 

1.75  +  0.22 

1.70  +  0.19 

2.18  +  0.16 

1.80  ±0.26 

June 

Basal 

2.04  ±  0.08 

1.97±0.17 

2.00  ±  0.08 

1.76  ±0.22 

Maximum 

2.08  ±0.14 

2.12  +  0.14 

2.17  +  0.1.^ 

1.8-3  ±0.19 

July 

Basal 

2.08  ±0.15 

2.05  ±0.1 5 

1.89  ±0.14 

2.07  ±0.14 

Maximum 

1.99  ±0.09 

2.16  ±0.16 

2.05  +  0.07 

2. 19  ±0.09 

August 

Basal 

1.86±0.10 

2.10  ±0.12 

1.89  ±0.12 

2.46±0.13*t 

Maxunum 

1.86±0.16 

2.16±0.L^ 

1.83  ±0.14 

2.61±0.14*t 

September 

Basal 

1.69  ±0.21 

1.78  ±0.22 

2.01  ±0.07 

2.01  ±0.12 

Maximum 

2.L^±0.16 

2.02  +  0.17 

2.I4±0.1-^ 

2.00  +  0.16 

Values  are  mean  +  SE.  n  =   12. 

*  Significantly  different  from  Q^„  between  20  and  25°C  of  mussels  from  resistant  stock  at  p  <  0.05  (Wilcoxon). 

t  Significantly  different  from  Qm  between  5  and  20  C  at  p  <  0.05  (Wilcoxon). 


rate-temperature  curves  is  interpreted  as  a  response  that  serves  to 
maintain  oxygen  consumption  at  almost  constant  levels  despite 
an  increase  of  the  ambient  temperature  (see  Newell  and  Branch 
1980.  Bayne  and  Newell  1983).  Within  a  wide  thermal  range, 
mussels  can  maintain  their  metabolic  rate  relatively  independent 
of  seasonal  changes,  much  as  described  for  other  species  of 
molluscs  (Bayne  et  al.  1973.  Bayne  et  al.  1976a.  Bayne  et  al.  1977, 
Bayne  and  Newell  1983).  A  similar  seasonal  acclimation  of 
Vo,  was  observed  for  both  stocks,  except  that  the  values  for 
mussels  from  the  susceptible  stock  were  higher  than  those  for 
mussels  from  the  resistant  stock.  Our  Vo,  measurements  do  not 
necessarily  represent  the  fully  acclimated  metabolic  rates,  but  instead 
approximate  the  rates  of  oxygen  consumption  in  the  habitat.  In  the 
habitat,  mass  mortalities  tend  to  appear  when  temperatures  lise  rap- 
idly. At  these  times,  mussels  do  not  have  the  10-14  days  needed  to 
acclimate  fully  to  these  conditions  (Widdows  and  Bayne  1971 ). 

Despite  the  general  seasonal  acclimation  of  metabolic  rate  for 
both  stocks,  the  mussels  from  the  susceptible  stock  showed  higher 
metabolic  rates  at  habitat  temperatures  in  August  relative  to  the 
other  months.  This  was  particularly  true  for  basal  Vo,.  August  is 
the  period  when  mortalities  are  most  likely  to  occur.  Thus,  these 
tnussels  seemed  unable  to  adjust  their  Vo,  completely  to  habitat 
temperatures  (20^C).  Incomplete  acclimation  of  Vo,  was  also  sug- 
gested by  the  lack  of  translation  of  the  rate-temperature  curves  in 
August.  August  was  the  only  period  when  the  (?,„_, ,  values  for 
both  basal  Vo,  and  maximal  Vo,  for  mussels  from  the  susceptible 
stock  were  significantly  higher  than  the  Q^_2o  values.  These  results 


TABLE  i. 

The  ratio  of  basal  to  maximal  Vo,  (x  100)  at  habitat  temperatures 

calculated  monthly  for  mus.sels  from  the  resistant  stock  (Amherst 

Basin,  n  =  12)  and  the  susceptible  stock  ((Jreat  Entry  Lagoon,  n  = 

12)  (mean  ±SE). 


Stock 


May 
(10  C) 


June 
(13  C) 


July 

(I5°C) 


August 

(20X) 


September 

(18X) 


indicate  a  failure  of  the  susceptible  mussels  (Great  Entry)  to  ac- 
climate to  the  higher  habitat  temperature.  This  is  likely  to  depress 
the  scope  for  growth,  if  other  physiological  components  remain 
unchanged,  which  could,  in  tuni,  eventually  force  the  animal  to  use 
reserves  for  energy  metabolism  (Bayne  et  al.  1973,  Bayne  et  al. 
1977,  Bayne  and  Newell  1983.  Griffiths  and  Griffiths  1987).  In 
August,  we  also  observed  a  difference  in  the  ratio  of  basal  to 
maximal  Vo,  between  the  two  stocks.  The  mussels  from  the  sus- 
ceptible stock  required  almost  60%  of  their  aerobic  capacity  for 
maintenance  requirements.  In  compaiison,  the  mussels  from  the 
resistant  stock,  which  had  less  difficulty  acclimating  their  meta- 
bolic rate  to  August  temperatures,  required  only  48%  of  their 
aerobic  capacity  for  maintenance.  In  August,  mussels  with  high 
Vo,  values  (from  Great  Entry)  had  the  greatest  thermosensitivity 
of  metabolic  rates  at  high  temperatures  as  well  as  having  high 
maintenance  costs.  Furthermore,  in  August,  no  differences  were 
observed  in  clearance  rate  and  assimilation  efficiency  between 
susceptible  and  resistant  stocks  (Tremblay  et  al.  in  press  b).  Thus, 
the  higher  levels  of  Vo,  of  mussels  from  susceptible  stock  (from 

TABLE  4. 

The  ratio  of  basal  to  maximal  Vo,  (x  100)  at  the  exposure 

temperatures  for  mussels  from  the  resistant  stock  (Amherst  Basin,  n 

=  12)  and  the  susceptible  stock  (Creat  Entry  Lagoim,  n  =  12). 

Mussels  were  sampled  at  each  month  (mean  ±  SE). 


Resi.stanl  27  +  3.5       50  ±  4.0       50  ±  4.6       49  ±  3.7  49  ±  3.2 

Susceptible       46  ±2.3       52  ±  4.0       51  ±3.9       59  ±5.0         48  ±  4.S 


Temperature 

of  Lagoon 

Month 

Stock 

5'C 

(X) 

20°C 

25X 

May 

Resistant 

ys  ±5.0 

27  ±  3.5 

35  ±  4.7 

32  ±  4.5 

Susceptible 

48  ±  6.4 

46  ±  2.3 

49  ±  4.8 

50  ±  4.0 

June 

Resistanl 

46  ±3.5 

50  ±  4.0 

46  ±  3.6 

49  ±  4.0 

Su.sceptiblc 

.54  ±  3.0 

52  ±  4.0 

51  ±5.0 

4S  ±  5.0 

July 

Resistant 

60  ±  4.0 

50  ±  4.6 

48  ±5.0 

43  ±  3.0 

Susceptible 

60  ±  5.0 

51  ±3.9 

52  ±  3.9 

52  ±  5.0 

August 

Resistant 

40  ±  4.0 

49  +  3.7 

43  ±  3.0 

Susceptible 

55  ±  5.7 

59  ±  5.0 

50  ±  5.0 

Seplenihci 

Resistant 

51  ±3.2 

49  ±  3.2 

46  ±  3.4 

Susceptible 

49  ±  4.0 

48  ±4.8 

50  ±  4.4 
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TABLE  5. 

Slate  3  rates  of  oxygen  consumption  (natoms  of  ()  min  '  mu  '  of  protein)  by  mitochondria  isolated  from  the  digestive  gland  of  mussels  from 
the  susceptible  (Great  Entry)  and  resistant  (Amherst  Basin)  stocks  with  RC'R  and  thermal  sensitivity  {Q,„). 


Date 


Great  Entry 


Parameter 


State  3 


RCR 


Amherst  Basin 


State  3 


RCR 


November  1993  (5°C) 
July  1994  (5°C) 


Jul\   1994  (15X) 


Qw 


Glutamate 

Glutamate 

Acetyl-DL-ciirni(lne 

Wilcoxon+ 

Glutamate 

Acetyl-DL-ciirni(ine 

Wilcoxont 

Glutamate 

Acetyl-DL-carnitme 

Wilcoxoni: 


7.3S±()  16* 
6.46  ±  0.45 
7.06  ±  0.44 

NSt 
17.4  ±0.32* 
1 2.6  ±0.41* 

0.05+ 
2.40  ±0.21 
1.66±0.19 
0.05 


7.17±0.26t 
4.19  ±0.28* 
2.39  ±  0.08 

0.051 
5.12±0.10t 
2.87  ±0.09* 

0.01 4: 


5.54  ±0.10 
5.14  ±0.28 
4.97  ±0.1 9 

NSt 
9.73  ±  0.45 
6.14  +  0.42 

0.051: 
2.48  ±  0.24 
1.36  ±0.05 
0.05 


2.71  ±0.08 
2.41  ±0.04 
1.96  ±0.06 

0.051: 
2.46  ±0.1 6 
1.77  ±0.06 

0.051: 


Values  are  mean  ±  SE.  n  =  5. 

*  Level  of  significance  at  p  <  0.05  for  Wilcoxon  test  between  two  stocks. 

t  Level  of  significance  at  p  <  0.01  for  Wilcoxon  test  between  two  stocks. 

i  Level  of  significance  for  Wilcoxon  test  comparing  the  specific  parameter  between  substrates.  NS.  not  significant. 


Great  Entry)  were  not  compensated  by  increased  feeding  rates. 
This  suggests  that  these  mussels  would  have  less  energy  available 
to  counteract  stress  and  provides  a  mechanism  explaining,  at  least 
partiallv.  why  mussels  from  Great  Entry  are  more  sensitive  to  the 
summer  mortalities  frequently  encountered  in  August.  The  differ- 
ences in  thermosensitivity  observed  during  August  may  reflect  the 
more  frequent  exposure  of  mussels  from  Amherst  Basin  to  high 
temperatures  because  this  would  favor  their  maintenance  of  an 
acclimatory  capacity  over  a  wide  thermal  range. 

The  greater  maintenance  metabolism  of  mussels  from  the  sus- 
ceptible stock  could  amplify  their  sensitivity  to  stressful  environ- 
mental factors.  Individuals  with  more  intense  maintenance  me- 
tabolism show  the  greatest  increase  in  metabolic  expenditure  in 
periods  of  stress  (Hawkins  et  al.  1987.  Hav\kins  and  Bayne  1992). 
As  suggested  by  Koehn  and  Bayne  ( 1989),  when  energy  resources 
in  the  environment  are  ample,  variability  in  metabolic  efficiency 
may  be  a  quantitatively  minor  factor  affecting  individual  differ- 
ences in  physiological  performance.  As  the  enxironment  becomes 
more  stressful,  for  example,  when  temperatures  rise  to  stressful 
levels,  differences  in  maintenance  efficiency  will  play  a  greater 
role  in  setting  interindividual  variability  in  stress  tolerance.  This 
could  result  in  the  reduced  survival  of  individuals  with  high  main- 
tenance requirements  relative  to  individuals  with  lower  require- 
ments, both  during  prolonged  air  exposure  or  during  periods  of 
physiological  or  environmental  stress. 

A  possible  consequence  of  higher  intensities  of  oxygen  uptake 
of  mussels  from  the  susceptible  stock  (Great  Entry)  would  be  an 
increased  generation  of  reactive  oxygen  intermediates.  Reactive 
oxygen  species  (ROS)  are  normally  produced  during  oxidative 
reactions  in  direct  relation  to  the  intensity  of  oxygen  uptake.  ROS 
can  attack  all  cellular  components  and  have  a  particularly  marked 
effect  on  membrane  lipids.  ROS-induced  peroxidation  of  lipids  can 
damage  membranes  and  alter  redox  balance  (Halliwell  and  Gut- 
teridge  1986).  In  a  comparison  of  mussels  from  the  resistant  and 
susceptible  stocks  in  Magdalen  Islands.  Pellerin-Massicotte  ( 1993 
and  in  press)  observed  higher  tissue  levels  of  malondialdehyde 
(MDA.  an  indicator  of  membrane  peroxidation)  in  mussels  from 
the  susceptible  stock  compared  with  those  from  the  resistant  stock 
durinsj  June  and  Aueust.  We  have  observed  that  these  are  the 


periods  with  the  highest  levels  of  lysosomal  membrane  destabili- 
zation,  another  indicator  of  tissue  stress  (Tremblay  et  al.  in  press). 
Pellerin-Massicotte  (1993  and  in  press)  suggested  that  the  increase 
of  MDA  concentration  is  representative  of  a  stressful  condition 
that  overwhelmed  the  battery  of  antioxidant  defenses,  such  as  su- 
peroxide dismutase,  catalase,  and  glutathione  reductase,  typically 
maintained  in  all  tissues  (Storey  1996).  These  data  suggest  that 
mussels  with  the  higher  metabolic  rate  (susceptible  stock)  undergo 
greater  levels  of  ROS  damage  during  periods  of  intense  metabolic 
activity  than  do  the  mussels  from  the  resistant  stock. 

The  differences  in  metabolic  thermosensitivity  between  stocks 
may  be  based  in  the  genetic  structure  of  each  stock.  We  have 
demonstrated  (Tremblay  et  al.  1998)  that  the  mussels  from  the 
susceptible  stock  showed  a  significant  deficiency  in  heterozygosity 
that  was  not  observed  in  mussels  from  the  resistant  stock.  Thus,  the 
proportion  of  heterozygotes  is  significantly  greater  in  the  resis- 
tant stock  than  in  the  susceptible  .stock.  Many  studies  suggest 
that  heterozygotes  are  favored  under  stressful  conditions  (Nevo 
et  al.  1986,  Genlili  and  Beaumont  1988,  Borsa  et  al.  1992).  For 
marine  bivalves,  this  appears  especially  pronounced  under  con- 
ditions of  elevated  temperatures  (Rodhouse  and  Gaffney  1984, 
Scott  and  Koehn  1990).  We  show  here  that  the  resistant  stock  of 
mussels  showed  higher  survival  during  air  exposure  compared 
with  mussels  from  the  susceptible  stock.  This  difference  did  not 
seem  related  to  energetic  reserves.  Greater  heterozygosity  is  asso- 
ciated with  lower  metabolic  requirements  in  mussels  from  the 
Magdalen  Islands  and  may  be  related  to  a  greater  capacity  to 
depress  metabolism  during  air  exposure  (Tremblay  et  al.  1998). 
These  rates  in  turn  are  likely  to  result  at  least  in  part  from  de- 
creased intensities  of  whole-body  protein  turnover  (Hawkins 
1996).  Hawkins  et  al.  (1987)  and  Hawkins  (1985)  have  established 
that  metabolic  thermal  sensitivity  varied  positively  with  the  inten- 
sity of  protein  turnover.  Because  0:N  ratios  were  lower  in  August 
in  the  susceptible  stock  (Tremblay  et  al.  1998).  it  is  likely  that 
protein  turnover  was  more  intense  in  mussels  from  Great  Entry. 
Thus,  we  suggest  that  mortality  may  have  stemmed  from  increased 
damage  by  ROS,  associated  with  elevated  metabolic  demands  of 
the  more  homozygous  mussels  from  the  susceptible  stock.  These 
metabolic  demands  retlected  both  the  increased  protein  turnover 
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May 


Figure  5.  Activities  of  CCO  in  mussels  from  the  susceptible  (Great  Entry,  n  ■ 
were  those  used  in  Vo,  measurements.  Mean  ±  SE. 


September 
I2|  and  the  resistant  (Amherst  Basin,  n  =  12)  stocks.  The  mussels 


and  the  higher  thermal  sensitivity  of  metabohc  rates  at  a  time  of 
high  environmental  temperatures. 

The  mussels  from  the  resistant  stock  had  a  lower  basal  Vo,  in 
May  and  a  lower  ratio  of  basal  to  niaximal  Vo,  in  May  and  August 
than  did  those  from  the  susceptible  stock.  Mussels  froni  the  resis- 
tant stock  would  have  an  opportunity  to  accumulate  tnore  energy 
for  growth  and  reproduction  during  these  periods.  Estimates  of  the 
energetic  content  of  mussels  cultivated  in  the  Magdalen  Islands 
suggest  that  gametogenesis  is  initiated  in  the  spring,  after  the  melt- 
ing of  ice  cover  and  with  the  arrival  of  the  phytoplankton  bloom 
(Mayzaud  and  Souchu  1991,  Roche-Mayzaud  and  St.-Amand 
1991 ).  If  May  is  the  period  of  gametogenesis  and  resistant  mussels 
have  more  energy  available  for  growth  and  reproduction,  this 
should  enhance  their  reproductive  success. 

For  other  populations  of  mussels,  routine  metabolic  demand  is 
most  sensitive  to  temperature  when  the  gonads  are  fully  developed, 
just  before  spawning  (Bayne  et  al.  1976a,  Bayne  et  al.  1977.  Wid- 
dows  1978.  Thompson  1984,  Thompson  and  Newell  1985).  We 
did  not  observe  higher  Q,,,  values  in  June  and  July  compared  with 
that  in  other  months.  This  may  reflect  the  lower  thermosensitivity 
of  basal  and  maximal  Vo,  (which  we  measured)  compared  with 
that  of  routine  Vo,  (intermediary  rate,  variable  depending  on  the 
degree  to  which  feeding  is  taking  place;  Bayne  et  al.  1976a). 

For  the  two  stocks,  a  decrease  in  Vo,  at  habitat  temperature 
occurred  in  September,  concomitant  with  a  decreased  thermosen- 
sitivity. Thus,  these  mussels  had  lower  metabolic  rates  than  in 
June,  even  though  habitat  temperatures  were  ST  wanner.  These 
results  may  indicate  the  beginning  of  a  resting  period  during  au- 
tumn and  winter,  as  suggested  by  Mayzaud  and  Souchu  (1991). 

The  interstock  differences  in  the  maximal  oxidative  capacities 
of  mitochondria  from  the  hepatopancreas  followed  the  differences 
in  organismal  metabolic  rates.  At  temperatures  normally  encoun- 
tered in  their  habitat,  i.e..  15°C  in  July  and  5  C  in  November, 
mitochondria  from  inussels  with  a  higher  Vo,  (susceptible  stock  of 
mussels)  oxidized  substrates  (L-glutamate  and  acetyl-Di-carnitine) 
at  higher  rates  than  did  those  from  mussels  that  have  a  lower  Vo, 


(resistant  stock  of  inussels).  Mussels  from  the  susceptible  stock 
also  exhibited  higher  activities  of  CCO  than  did  inussels  from  the 
resistant  stock.  Because  CCO  is  an  element  of  the  inner  mitochon- 
drial membrane  (Groen  et  al.  1982,  Tager  et  al.  1983),  the  high 
activity  of  this  enzyme  suggests  that  these  mussels  have  a  higher 
mitochondrial  density  or  that  the  mitochondria  have  a  greater  CCO 
content.  Overall,  the  determinations  on  whole  inussels  (Vo,).  of 
specific  activity  of  CCO.  and  on  isolated  mitochondria  agree.  The 
inussels  that  exhibited  higher  metabolic  rates  exhibited  higher  tis- 
sue aerobic  capacities  and  higher  mitochondrial  capacities  com- 
pared with  mussels  with  lower  metabolic  rates. 

The  RCR  were  higher  for  mitochondria  isolated  from  mussels 
from  the  susceptible  stock  than  for  those  from  the  resistant  stock. 
The  RCR  values  indicate  the  extent  to  which  oxygen  uptake  is 
coupled  to  the  phosphorylation  of  ADP.  Low  RCR  values  (below 
4)  may  reflect  contamination  with  ATPases  or  damaged  mitochon- 
dria. Because  the  method  for  mitochondrial  extraction  was  the 
same  for  the  two  stocks  and  because  high  RCR  values  were  ob- 
tained for  inussels  from  the  susceptible  stock,  the  properties  of  the 
mitochondria  from  the  susceptible  and  resistant  slocks  of  inussels 
may  differ.  The  lower  oxidative  rates  for  the  mitochondria  from 
mussels  from  the  resistant  stock  may  reflect  their  lower  respiratory 
coupling.  However,  the  lower  mitochondrial  capacities  observed  in 
vitro  for  the  inussels  from  the  resistant  stock  do  not  necessarily 
reflect  the  //;  vivo  response. 
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ABSTRACT  Mussel  colonization  of  available  substrates  is  performed  by  settlement  of  competent  pediveliger  and  post-larval  stages. 
To  determine  the  percentage  of  mussels  of  each  settling  type  and  their  relation  with  culture  practice,  mussel  settlement  on  artificial 
substrates  was  studied  at  different  places  and  depths  on  mussel  rafts  from  the  inner  and  outer  areas  of  the  Ria  de  Vigo,  N  W  Spain. 
This  was  done  during  the  mussel  settlement  season  in  the  area  (April  to  August.  1992).  Mussel  settlement  was  more  abundant  on  the 
mussel  raft  placed  in  the  seaward  area  (69%  of  total  spat)  than  in  the  upper  estuary  (3 1  %  of  total  spat)  of  the  Ria.  Settlement  was  similar 
in  different  places  (west  side,  middle  and  east  side)  of  a  mussel  raft,  with  slightly  more  recruitment  at  the  10  and  5  m  depths  than  at 
the  1  m  depth.  In  the  seaward  area,  83%  of  total  spat  settled  were  competent  pediveliger  stages,  whereas  in  the  upper  estuary  competent 
pediveliger  stages  accounted  for  only  57%  of  total  spat  recruitment.  At  the  start  of  the  season  the  .settlement  of  competent  pediveliger 
stages  was  almost  100%  of  the  different  settled  stages,  whereas  at  the  end  of  the  season  the  proportion  of  competent  pediveliger 
decreased  to  30%. 

KEY  WORDS:     Colonization,  settlement.  Mytiliis  i;allopnniiiciiilis.  spat  collectors,  mussel  seed  and  culture. 


INTRODUCTION 

Coloniziilion  of  natural  and  artificial  substrates  by  mussels, 
Mylihis  sp,  may  occur  by  .settlement  of  competent  pediveliger 
larvae  or/and  by  settlement  of  drifting  post-larvae  (Davies  1974, 
Kingetal.  1989,  Caceres-Marti'nezet  al.  1994).  Mussel  post-larvae 
dispersion  in  a  characteinstic  phase  during  the  early  life  of  mussels 
(Maas  Geesteranus  1942,  Verwey  1952,  Biok  and  Geleen  1958, 
Bayne  1964,  Sigurdsson  et  al.  1976,  Lane  et  al.  1985.  Caceres- 
Martfnez  et  al.  1994)  and  other  bivalves  and  gastropods  (Beukema 
and  de  Vlas  1989,  Martel  and  Chia  1991a,  Bartel  and  Chia  1991b). 
Its  ecological  significance  is  related  to  redistribution  (Maas 
Geesteranus  1942,  Verwey  1952,  Caceres-Marti'nez  et  al.  1994, 
Caceres-Martinez  and  Figueras  1997a)  after  planktotrophic  exis- 
tence when  high  dispersion  of  the  species  may  take  place  (Lutz  and 
Kenish  1992).  This  phenomenon  could  have  a  practical  importance 
for  the  mussel  grower,  because  its  knowledge  in  a  given  area  may 
improve  the  chance  of  collecting  mussel  seed  from  wild  popula- 
tions. 

Gathering  naturally  settled  mussel  seed  is  nearly  the  most  prac- 
tical and  economic  tiiethod  for  mussel  culture  (Mason  1976,  Incze 
and  Lutz  1980,  Skidmore  and  Chew  1985).  The  natural  availability 
of  seed  sources  without  the  need  of  hatchery  production,  has  been 
a  significant  positive  factor  in  the  development  of  mussel  farming 
(Andreu  1958.  Hickman  1992).  Worldwide  mussel  culture  opera- 
tions have  traditionally  been  located  in  areas  where  mussel  spat  is 
readily  available  every  year  (Mason  1976),  This  is  the  case  of 
Spain,  the  second  largest  producer  of  cultured  mussel  in  the  world 
with  an  estimated  production  of  around  200,000  tons  per  year 
(Figueras  1989).  In  Spain,  the  need  of  seed  is  about  6,600  tons  in 
each  culture  cycle  with  an  estimated  value  of  390  millions  of 
pesetas  (I  USS  =    150  Spanish  pesetas)  (Caceres-Martinez  and 
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Figueras  1997b).  Around  2  .3 10  tons  (35%  of  the  total  required)  are 
obtained  from  collecting  ropes  hung  from  mussel  culture  rafts. 
Interestingly,  this  practice  has  not  been  supported  by  scientific 
studies.  The  remaining  4,290  tons  of  seed  are  obtained  by  scraping 
rocks  in  natural  mussel  beds  (65%  of  the  total  required).  However, 
the  increasing  demand  for  rnussel  seed,  together  with  the  lack  of 
specific  regulations  regarding  its  removal  from  natural  mussel 
beds,  has  given  rise  to  some  social  conflicts  among  different  mus- 
sel growers  organizations  (Fuentes  and  Molares  1994).  The  aim  of 
the  present  study  is  to  determine  the  factors  influencing  the  relative 
percentage  of  competent  pediveligers  to  post-larvae  during  recruit- 
ment on  artificial  collectors  at  different  time  periods  and  locations 
during  the  mussel  settlement  season  in  the  Ria  de  Vigo. 

MATERIALS  AND  METHODS 

The  study  was  performed  from  April  to  August  1993,  coincid- 
ing with  the  peak  of  mus.sel  settlement  in  the  Ria  de  Vigo  (Ca- 
ceres-Martinez et  al.  1993,  Caceres-Marti'nez  et  al.  1994).  Pieces 
of  15  X  15  X  2.5  cm  of  rubberized  hair  look  packages  (Curled  Hair 
Limited,  Causeway  Head,  Silloth,  Cumbria.  England  CA54PA) 
with  specific  density  of  32  Kg/m3  +  10%  and  23. 5g  weights  (rec- 
ommended by  Davies,  1974)  were  used  as  substrates  to  mussel 
colonization.  The  packages  were  held  in  plastic  net  bags  (2  cm 
mesh  size).  Taking  into  account  that  standard  errors  for  the  spat 
obtained  on  replicates  of  this  kind  of  collector  were  no  more  than 
14%  of  the  mean  (Davies  1974),  five  collectors  were  placed  in  one 
mussel  culture  raft  in  Limens  (seaward  area)  and  five  in  one  mus- 
sel culture  raft  in  San  Adrian  (upper  e.stuary  area)  (Fig.  I).  Col- 
lectors were  submerged  at  1,5,  and  10  meters  of  depth  on  the  west 
side  of  the  rafts.  More  collectors  were  placed  at  1  meter  of  depth 
in  the  iniddle  and  on  the  east  side  of  the  raft,  this  side  being 
oriented  to  the  direction  of  incoming  water  in  the  Ria.  In  accor- 
dance with  Davies  (1974),  collectors  were  replaced  at  different 
time  periods,  from  I  to  4  weeks  because  of  the  deterioration  of  the 
collectors  in  marine  water. 

To  separate  the  spat,  each  collector  was  immersed  for  5  min.  in 
a  10%  solution  of  commercial  sodium  hypochlorite  (Na  CIO)  and 
rinsed  in  tap  water  onto  a  series  of  0.09  to  4.0  mm  sieves.  The 
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Figure  1.  Map  showing  llie  study  arta,  indicating  tlu'  locations  where  spat  sampling  were  carried  out  (black  dots).  Arrows  indicate  the  flow 
inside  the  Ria. 


resulting  fractions  were  dried  in  an  oven  at  80°C  for  24  h.  Mussels 
were  separated  with  a  brush  for  their  study  under  a  stereoscopic 
microscope.  All  mussels  in  a  fraction  were  counted.  The  total  shell 
length  of  mussels  present  in  the  sieves  under  3  mm  mesh,  was 
measured  with  an  ocular  micrometer  (Gaticules  Ltd).  Large  mus- 
sels were  measured  with  calipers. 

The  minimum  and  maximum  values  recorded  from  competent 
pediveliger  larvae  of  Myliliis  sp.  (Rees  1954.  Bayne  1965.  Aguirre 
1979,  Widdows  1991 )  were  considered  to  separate  recently  settled 
mussels  (shell  lengths  from  0.250  to  0.470  mm.  mean  0.360  mm). 
Moreover,  the  growth  rate  of  post-larvae  Mytilus  gallnprnvincialis 
from  Ria  de  Vigo  [c.a.  25  |xmd"'  at  15  to  17°C  (Aguin-e  1979)] 
was  used  to  calculate  the  growth  of  mussels  settled  during  the 
sampling  period.  These  sizes  were  used  to  separate  settling  stages. 
only  individuals  larger  than  expected  growth  reached  during  sam- 
pling period  were  considered  as  post-larval  settlers. 

The  number  of  spat  from  different  places  and  depths  in  rafts 
were  compared  using  a  Kruskal-Wallis  test  followed  by  Tukey- 
type  multiple  comparisons.  One-way  ANOVA  to  Wilcoxon  signed 
rank  test  was  used  for  comparisons  in  the  number  of  spat  from 
different  localities  (Sokal  and  Rohlf  1981,  Zar  1984). 

RESULTS 

Spat  Abundance  at  Different  Places  of  the  Rafts 

Two  settlement  peaks  were  recorded  in  Lmicns:  one  in  .luly  1st 
and  the  other  in  August  10th  (Fig.  2).  No  significant  differences  in 
spat  abundance  were  found  among  the  different  places  in  the  raft 


(west  side,  middle,  east  side)  (Kruskal-Wallis  test,  H  =  1.5,  p  > 
0.05). 

In  San  Adrian,  only  one  peak  in  spat  abundance  was  recorded 
on  May  18th  (Fig.  2).  As  it  has  been  reported  above  for  Limens.  no 
significant  differences  in  spat  abundance  was  found  among  the 
different  places  sampled  in  the  raft  (Kruskal-Wallis  test.  H  =  0.5. 
p  >  0.05). 

The  difference  in  abundance  of  spat  in  the  two  sampled  locali- 
ties was  statistically  significant  (Wilcoxon  signed  ranks  lest,  p  < 
0.01).  It  was  greater  in  Limens  (80%  of  total  spat)  than  in  San 
Adrian  (20%  of  total  spat). 

Spat  Abundance  at  Different  Depths 

Although  spal  abinulance  was  less  at  1  m  of  depth  than  at  5  and 
10  m  (Fig.  3)  in  Limens.  no  significant  differences  were  found 
among  all  depths  (Kruskal-Wallis  test,  H  =  0.8.  p  >  0.05).  The 
same  settlement  peaks  mentioned  above  (.luly  1st  and  August  lOlh) 
were  recorded  at  all  depths  sampled. 

In  San  Adrian,  spat  abundance  peaked  in  May  18th  on  all  the 
collectors  deployed  at  different  depths.  A  second  minor  peak  at  5 
and  10  m  of  depth  was  also  evident  on  July  1st  (Fig.  3).  As  in 
Limens,  no  significant  differences  were  found  when  comparing 
spat  abundance  from  different  depths  (Kruskal-Wallis  test,  H  = 
2.2.  p  >  ().()5), 

The  difference  in  mussel  spat  abundance  in  the  two  localities 
was  statistically  significant  (Wilcoxon  signed  ranks  test,  p  <  0.01 ). 
Mussel  spat  abundance  was  greater  in  Limens  (65%  of  total  spat) 
than  in  San  Adrian  (35%  of  total  spat). 
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TABLE  1. 
Expected  size  of  mussels  during  lime  intervals  studied. 


Date  of  collector 

Time  for 

Theorical  expected 

replacement 

colonizing 

size  (mm) 

April22 

7 

0.535 

April29 

7 

0.535 

May  18 

19 

0.835 

June     1 

14 

0.710 

June    9 

8 

0.560 

Julv     1 

22 

0.910 

July  15 

14 

0.710 

Aug  10 

26 

1.010 

Percentage  of  the  Different  Mussel  Developmental  Stages  Present  in 
the  Spat 

The  maximum  expected  sizes  for  the  different  sampling  periods 
are  shown  in  table  1.  The  largest  mussel  size  settled  in  all  the 
examined  collectors  was  8.1  mm. 


The  colonization  of  artificial  collectors  by  competent  pedive- 
liger  stages  were  recorded  throughout  all  the  study  period  at  dif- 
ferent places  and  depths  hi  both  localities,  Limens  and  San  Adrian 
(Figs.  2  and  3). 

In  Limens.  the  percentage  of  settled  competent  pediveliger  at 
the  different  situations  (west  side,  middle,  east  side)  and  depths  (1. 
5.  and  10  m  depth)  of  the  raft  varied  from  98  to  lOO'/c  in  April  and 
between  May  and  July  ranged  from  69  to  99%.  In  August  this 
proportion  ranged  from  32  to  57%  (Figs.  2  and  3). 

In  San  Adrian,  competent  pediveliger  stages  settled  on  collec- 
tors deployed  at  different  situations  (west  side,  middle,  east  side) 
and  depths  (1.5,  and  10  m  depth)  of  the  raft  were  recorded  during 
all  the  study  period.  The  percentage  of  settled  competent  pedive- 
liger stages  ranged  from  99  to  100%  in  April.  The  lowest  propor- 
tion happened  in  August  (10-23%)  (Figs.  2  and  3). 

DISCUSSION 

In  the  Ria  de  Vigo  there  is  a  natural  outflow  by  the  north  mouth 
due  to  the  discharge  of  Oitaben  river  (14  m'  s"' )  in  the  inner  zone 
and  by  the  major  entrance  of  water  from  the  Atlantic  Ocean 
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Figure  2.  Frequency  of  competent  pediveliger  stages  (white  bars)  and  post-larvae  stages  (gray  bars)  colonizing  artificial  collectors  placed  in  the 
west  side  ( W),  middle  (M)  and  east  side  (E)  of  mussel  culture  rafts  in  the  exposed  area  of  Limens  (A)  and  protected  area  of  San  Adrian  (B).  Ria 
de  Vigo  during  different  periods  of  time  in  spring  and  summer  1992.  Dark  symbols  refer  to  total  numbers  of  mussel  spat  collected. 
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Figure  3.  Frequency  of  competent  pediveliger  stages  (white  bars)  and  post-larvae  stages  (gray  bars)  colonizing  artiflclal  collectors  submerged 
at  1,  5,  and  10  m  depth  in  mussel  culture  rafts  in  the  exposed  area  of  Umens  (A)  and  protected  area  of  San  Adrian  (B).  Ria  de  \  Igo  during 
different  periods  of  time  In  spring  and  summer  I9y2.  Dark  symbols  refer  to  total  numbers  of  mussel  spat  collected. 


through  the  south  mouth.  Water  flows  throughout  the  Ria  and 
returns  to  the  Atlantic  Ocean  by  the  north  shore  (Prego  et  al.  1990. 
Prego  and  Fraga  1992.  see  Figure  1).  This  flow  could  carry  the 
larvae  produced  in  the  natural  mussel  beds  and  mussel  culture  rafts 
placed  inside  of  the  Ria  to  the  external  areas  (Fig.  1)  causing  a 
gradient  of  spat  in  the  Ria.  A  similar  gradient  was  found  by  Fu- 
entes  and  Molares  (1994)  in  Ria  de  Arosa. 

The  similarities  found  in  the  distribution  of  spat  in  different 
places  and  depths  of  the  mussel  culture  rafts  suggest  a  uniform 
presence  of  mussel  larvae  and  post-larvae.  At  present,  seed  col- 
lectors are  hung  coiled  up  into  a  ball  or  completely  stiaight  in  the 
rafts  front  (west  side)  at  depth  of  1-2  m  (Perez  Camacho  et  al. 
1991).  This  is  because  mussel  growers  believe  that  the  external 
collectors  catch  more  seed.  However,  our  results  suggest  that  there 
is  not  a  demostrable  reason  for  this  belief.  On  the  other  hand. 
Fuentes  and  Molares  (1994)  studying  the  settletnent  of  mussels  in 
Ria  de  Arosa  found  that  settlement  was  greater  at  1  and  5  meter 
depth  than  at  9  meters  depth,  however  these  differences  were  less 
conspicuous  than  between  the  inner  and  the  outer  areas  of  the  Ria, 
which  he  attributed  to  the  presence  of  a  thermocline  in  the  strati- 
fied water  column.  Our  results,  however,  suggest  a  homogeneous 


or  greater  settlement  distribution  of  mussel  at  5  and  10  meters  of 
depth.  Moreover,  this  trend  seems  to  be  in  accordance  with  the 
photonegative  and  geopositive  behavior  reported  by  Bayne  ( 1976) 
for  competent  mus.sel  larvae  and  post-larvae. 

Although  some  sub-quantification  of  colonizing  post-lar\ae  on 
artificial  collectors  may  have  happened  due  to  temperatures  ( 16  to 
20°C)  in  the  area  during  study  period  (Caceres-Martinez  and 
Figueras  1997c)  that  could  affect  the  expected  post-larvae  growth 
rates,  and  that  growth  rates  related  to  local  conditions  in  Limens 
and  .San  Adrian  could  be  different  (Bayne  and  Worrall  I9S0I.  the 
high  proportion  of  competent  pediveliger  stages  (70<7f  of  total  spat 
studied),  suggest  that  the  main  source  of  spat  in  artificial  collectors 
are  competent  pediveliger  stages.  The  variations  on  frequency  of 
appearance  of  these  stages  throughout  the  studied  periods  are  in 
agreement  with  the  several  spawnings  of  the  species  in  the  area 
(FeiTan  1990,  Villalba  1993.  Caceres-Martinez  et  al.  19^)7).  with 
the  duration  of  the  planktonic  life  (Aguine  1979)  and  widi  the 
presence  of  competent  pediveliger  stages  in  plankton  from  the  Ria 
de  Vigo  (Caceres-Martinc/-  and  Figueras  1997c).  On  the  other 
hand,  the  abundance  of  colonizing  post-larval  stages  agree  with  the 
low  number  of  post-larvae  stages  present  in  plankton  samples  from 
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the  area  (Caceres-Martfne/  and  Figueras  1997c)  and  with  the  fact 
that  extension  of  post-larvae  dispersion  is  more  or  less  limited  to 
the  vicinity  of  mussel  beds  (Caceres-Marti'nez  and  Figueras 
1997a).  However,  at  the  end  of  the  settlement  season  an  increase 
of  post-larvae  presence  was  detected  in  the  colonized  collector. 
This  could  be  related  with  the  following  conditions:  I )  available 
substrates  has  been  colonized  since  the  start  of  the  settlement 
season  and  probably,  at  the  end  of  the  season  its  load  capacity  is 
overridden,  2)  summer  storms  start  at  the  end  of  settlement  season 
in  the  area,  and  rough  water  conditions  became  present.  In  conse- 
quence, post-larvae  dispersion  is  favored.  However,  these  condi- 
tions are  highly  speculative  and  specific  studies  are  needed. 
I'roiii  a  practical  point  of  view,  the  rope  collectors  for  mussel 


spat  should  be  placed  in  the  Ria  de  Vigo  preferentially  in  the  rafts 
located  near  the  seaward  end  of  the  Ria  and  they  could  be  placed 
in  any  place  of  the  raft  up  to  10  meters  of  depth.  Finally,  placement 
of  collectors  may  be  extended  from  April  to  August  to  take  ad- 
vantage of  the  existence  of  drifting  mussel  post-larvae. 
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REGULATION  OF  MYTILUS  GALLOPROVINCIALIS  GLYCOGEN  PHOSPHORVLASE  BY 

GLUCOSE  AND  GLUCOSE-6-PHOSPHATE 
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ABSTRACT  A  different  glucose  and  glucose-6-phosphate  inhibition  of  glycogen  phosphorylase  from  Myulus  inantle  relative  to  those 
of  vertebrates  has  been  demonstrated.  Glucose  and  glucose-6-phosphate  do  not  inhibit  the  a  forin  (phosphorylated  form),  but  they  are 
competitive  inhibitors  for  the  substrate  glucose- 1 -phosphate  in  the  b  form  (unphosphorylated  form),  with  Ki  values  of  190  and  0.2-0.3 
mM.  respectively.  The  results  cast  doubt  on  the  role  of  glucose  as  a  regulator  and  suggest  that  glucose-6-phosphate  is  a  major  regulator 
of  glycogen  phosphorylase  activity  in  Myiiliis  mantle  tissue  because  of  its  special  relationship  with  gametogenesis. 

KEY  WORDS:     Mytiliis  galloprovincialis.  glycogen  phosphorylase,  regulation,  glucose,  glucose-6-phosphate 


INTRODUCTION 

The  glycogen  phosphorylase  can  be  regulated  by  covalent 
modification  (phosphorylalion-dephosphorylation)  and  by  alloste- 
ric  modulation  exerted  at  the  molecular  level  by  various  physi- 
ological factors  acting  through  conformational  changes  of  the  en- 
zyme. These  factors  can  act  as  positive  and  negative  effectors  or 
inhibitors  (Fischer  et  al.  1971.  Graves  and  Wang  1972.  Busby  and 
Radda  1976.  Krebs  and  Beavo  1979.  Krebs  1981.  Fischer  1983. 
Madsen  1986). 

Four  separate  ligand  binding  sites  are  localized  in  glycogen 
phosphorylase  of  vertebrates.  The  active  site,  which  binds  the  sub- 
strates. P,  or  glucose- 1 -phosphate  (GlPl  inducing  a  active  confor- 
mation R  (Withers  et  al,  1982)  and  the  nonreducing  terminal  glu- 
cosyl  unit  of  glycogen,  as  well  as  glucose  and  uridin-5'- 
diphosphoglucose  (UDPG).  inducing  an  inactive  conformation  T 
(Sprang  et  al,  1982.  Madsen  et  al.  1983),  The  nucleotide  site  or 
AMP  allosteric  site,  consisting  of  three  different  subsites.  namely 
the  phosphoryl  group,  the  ribosyl  residue  and  the  purine  base- 
binding  loci.  This  site  represent  the  primary  binding  site  of  allo- 
steric activators;  AMP  and  IMP  as  well  as  inhibitors:  ATP,  ADP 
and  glucose-6-phosphate  (G6P|  (Johnson  et  al,  1979.  Johnson  et  al, 
1987),  Furthermore,  the  substrates  (i.e..  GIP  and  Pi.  UDPG). 
nucleoside  analogues,  or  even  dinucleotides  are  all  capable  of 
secondary  binding  to  the  nucleotide  locus.  ATP.  ADP.  and  G6P 
e,\ert  their  effect  through  AMP  expulsion  (Dombradi  1981.  Mor- 
ange  et  al,  1976.  Eguchi  et  al,  1977),  The  nucleoside  (or  inhibitor) 
site  binds  nucleosides  first  of  all:  i.e,,  adenosine,  inosine.  etc.. 
purine  base  analogues  (i.e..  caffeine  and  theophyline  and  dinucle- 
otides), furthermore,  it  also  represents  the  secondary  binding  site 
of  nucleotides  (Kasvinsky  et  al,  1978,  Johnson  et  al.  1979),  And 
the  glycogen  storage  site  (Dombradi  1981.  Newgard  et  al,  1989. 
Johnson  et  al.  1989).  In  vertebrates,  the  unphosphorylated  form  (b 
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form)  is  activated  by  AMP,  IMP  and  high  levels  of  inorganic 
phosphate,  and  is  inhibited  by  ATP,  ADP,  G6P  and  UDPG  (Dom- 
bradi 1981).  Glucose  also  shows  an  inhibitory  regulation  syner- 
gistic to  inhibition  exerted  by  purine  derivatives  (Cori  and  Cori 
1940,  Kasvinsky  et  al.  1978,  Carabaza  1992).  The  binding  of  G6P 
to  the  enzyme  causes  the  inhibition  of  enzymatic  activity  through  a 
negative  heterotropic  effect  on  the  AMP  binding  (Wang  et  al.  1970). 

The  concentration  of  circulating  glucose  has  long  been  consid- 
ered responsible  for  the  regulation  of  glucose  homeostasis  by  the 
liver.  Liver  phosphorylase  a,  as  the  glucose  receptor,  is  largely 
responsible  for  the  overall  control  of  hepatic  glycogen  metabolism 
(Kasvinsky  et  al,  1978),  Glucose  binds  to  glycogen  phosphorylase. 
rendering  it  a  better  substrate  for  phosphorylase  phosphatase. 
Then,  glycogen  phosphorylase  is  dephosphorylated  and  inacti- 
vated. Glucose  is  the  molecule  in  liver  tissue  that  triggers  the 
inactivation  of  glycogen  phosphorylase. 

Although  tnantle  tissue  in  Mytilus  may  be  considered  analo- 
gous to  the  liver  in  vertebrates,  as  a  storage  organ  of  glucidic 
reserves  in  the  form  of  glycogen,  its  physiological  function  may 
differ.  So  the  activity  and  regulation  of  the  glycogenolitic  path- 
ways in  the  mantle  tissue  of  this  organism  does  not  appear  to  serve 
solely  as  a  source  of  glucose  to  be  used  intracellularly  via  the 
glucolitic  route  and  the  enzymatic  systems  involved  seem  to 
present  a  characteristic  function  different  from  that  of  vertebrates. 

It  is  known  that  glycogen  is  the  major  energy  fuel  in  the  mantle 
of  bivalve  molluscs  (Zandee  et  al,  1980)  and  that  an  evident  rela- 
tionship between  its  degradation  and  gametogenic  development 
exists  (Gabbott  1975,  Bayne  et  al,  1982),  During  this  development 
there  is  a  clear  coincidence  between  the  increase  of  saturated  fatty 
acids  and  the  decrease  of  the  glycogen  contained  in  the  mantle 
before  spawning  (Zandee  et  al.  1980).  A  key  enzyme  in  the  gly- 
cogenolytic pathways  is  the  glycogen  phosphorylase.  present  in  the 
Mxtihis  galloprovincialis  mantle  in  two  forms,  a  and  b  (San  Juan 
et  al,  1991,  San  Juan  et  al.  1995),  In  this  paper,  we  describe  the 
different  properties  relative  to  glycolitic  metabolites'  regulation  of 
Mytilus  mantle  glycogen  phosphorylase.  which  is  probably  be- 
cause of  their  different  physiological  role. 
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MATERIALS  AND  METHODS 


Animals 


Sea  mussels  were  supplied  by  a  purification  plant  in  Villagarcia 
de  Arosa  (Galicia,  NW  Spain).  Mussels  with  shell  lengths  between 
7  and  10  cm  were  selected  for  the  experiments.  They  were  trans- 
ported to  the  laboratory  within  1  hr  of  collection.  Their  mantles 
were  separated  and  stored  at  -30"C  until  use. 

Reagents 

The  substrates,  enzymes,  and  coenzymes  were  obtained  from 
Sigma  Chemical  Company  (St.  Louis.  MO)  and  Boehringer  Mann- 
heim (Mannheim,  Germany).  Magnesium  acetate,  tris- 
hydroxymethyl  aminomethane.  imidazole  and  other  chemicals  and 
salts  were  purchased  from  Merk  (Darmstadt,  FRO). 

Preparation  of  Phosphorylase  Extracts 

Phosphorylase  b  extract  was  prepared  from  mantle  tissues 
homogenized  in  2  volumes  (w/v)  of  ice  cold  40  mM  tris-acetate 
buffer  pH  7.0,  containing  EDTA,  imidazole  and  2-mercap- 
toethanol  in  a  concentration  of  5  mM  and  0. 1 2  M  KCl.  For  prepa- 
ration of  phosphorylase  a  extract,  a  homogenate  in  the  same  con- 
ditions described  above,  but  without  EDTA,  was  incubated  with  2 
mM  ATP,  MgCK  and  CaCK.  In  this  medium,  endogenous  phos- 
phorylase kinase  transforms  the  phosphorylase  b  to  its  a  form  (San 
Juan  et  al.  1995).  Both  homogenates,  containing  b  and  a  phosphor- 
ylase forms  respectively,  were  centrifuged  at  15.400  x  g^^,  for  20 
min  and  the  pellet  was  discarded.  The  supematants  were  dialyzed 
against  .M)  vol  of  extraction  buffer  containing  10  mM  NaF  and 
without  KCl. 

Enzyme  Determinations 

Glycogen  phosphorylase  activity  was  measured  spectrophoto- 
metrically  in  the  direction  of  glycogen  breakdown,  as  described  in 
San  Juan  et  al.  (1991).  The  reaction  mixture  for  phosphorylase  b 
contained  40  mM  tris-acetate  buffer  pH  7.0,  5  mM  imidazole,  2 
mM  EDTA,  1.4  mM  2-ercaptoethanol.  5  mM  acetate-Mg,  5  jjlM 
glucose- 1 -6-diphosphate,  0.6  mM  NADP,  80  mM  phosphate 
buffer,  pH  7.0.  1.6  mM  AMP,  16  mg/niL  glycogen,  0.5  I.U.  of 
glucose-6-phosphate  dehydrogenase,  0.1  I.U.  of  phosphoglucomu- 
tase,  and  enzyme  preparation  in  a  total  volume  of  1 .0  niL.  The 
reaction  mixture  for  phosphorylase  a  lacked  EDTA  and  AMP,  and 
the  glycogen  and  phosphate  buffer  concentrations  were  8  mg/rriL 
and  30  mM,  respectively. 

Phosphorylase  activity  was  assayed  in  the  direction  of  glycogen 
synthesis  by  measuring  the  release  of  P,  from  GIP.  The  reaction 
mixture  for  the  phosphorylase  b  contained  40  mM  tris-acetate 
buffer,  pH  7.0,  2  mM  EDTA,  3.2  mg/mL  glycogen,  1.6  mM  AMP, 
800  mM  G- 1  -P,  and  enzyme  preparation  in  a  total  volume  of  1  mL. 
The  reaction  mixture  for  phosphorylase  a  lacked  EDTA  and  AMP, 
and  the  GIP  concentration  was  50  mM.  After  incubation  at  30°C 
for  45  min,  the  reaction  was  stopped  by  the  addition  of  0. 1  mL  of 
20%  (w/v)  SDS.  After  centrifuging,  P,  in  the  supernatant  was 
determined  by  the  method  of  Saheki  et  al.  (1985). 

Data  Analysis 

The  inhibitory  effect  caused  by  several  concentrations  of  glu- 
cose and  G6P  was  determined  by  a  means  of  provoked  modifica- 
tions in  the  kinetic  constants  of  glycogen  phosphorylase  in  equi- 
librium, in  relation  to  its  substrates.  The  inhibitor  action  mecha- 


nism was  determined  using  Lineweaver-Burk  double  reciprocal 
and  Hill  plots.  The  inhibition  constants  were  calculated  from  the 
representation  of  double  reciprocals  (-1/K„,.,p  =  -1/K,,,  (1  -i-  [I]/ 
K,).  When  the  presence  of  an  inhibitor  displaces  the  representa- 
tions of  double  reciprocals  from  linearity,  the  representation  of  I  A' 
as  opposed  to  1/lSj^  was  used.  In  this  manner,  the  illustration  is 
linearized  and  the  inhibition  constant  may  be  calculated  in  these 
cases,  as  in  those  described  above  (Segel  1993). 

Kinetic  parameters  (K^.,  or  S,,  5  and  V„,_„)  were  calculated  using 
the  "'GraFit"  program  (Erithacus  Software  Ltd.,  Staines,  Ll.K.). 
Results  are  given  as  means  ±  SEM.  Each  date  correspond  to  means 
of  4-5  determinations  and  regression  coefficient  of  Lineweaver- 
Burk,  and  Hill  plots  were  0.96-0.99. 

RESULTS  AND  DISCUSSION 

Because  of  the  method  used  to  measure  phosphorylase  activity 
in  the  direction  of  glycogen  breakdown,  only  the  effect  produced 
by  the  glucose  and  the  UDPG  could  be  examined.  Neither  of  the 
two  molecules  present  inhibitory  effects  on  the  enzyme  (forms  a 
and  b)  of  Myliliis  in  this  sense. 

Glycogen  phosphorylase  (a- 1,4  glycogen,  ortho-phosphate  glu- 
cosyltransferase  B.C.  2.4.1.1)  catalyzes  the  degradation  of  glyco- 
gen to  glucose- 1 -phosphate.  This  reaction  is  reversible,  but  in  the 
cell  the  synthesis  of  G 1 P  strongly  favors  the  high  Pi  concentra- 
tions. In  vitro,  the  ratio  [Pi]/[G1P]  that  determined  the  equilibrium 
constant  can  be  modified  (i.e.,  increasing  the  GIP  at  saturating 
concentration,  800  niM).  displacing  the  reaction  in  reverse  direc- 
tion. But  the  enzyme  affinity  for  the  substrates  and  effectors  and 
the  interactions  between  them  are  the  same,  and  they  can  be  stud- 
ied in  both  directions. 

In  the  reverse  reaction  direction  (synthesis  of  glycogen),  UDPG 
neither  showed  any  inhibitory  effect,  whereas  the  glucose  and  G6P 
present  an  evident  inhibition  of  form  b  relative  to  the  GIP  sub- 
strate, but  they  do  not  affect  the  activity  of  form  a,  which  G6P  even 
seems  to  activate  mildly  (Figs.  1,  2).  Kinetic  parameters  of  this 
enzyme  were  determined  using  aliquots  of  the  purified  enzyme 
(essentially  as  San  Juan  et  al.  1991 )  and  using  crude  tissue  extract, 
before  purification,  giving  identical  results.  Although  glycogen 
phosphorylase  reaction  was  not  measured  in  physiological  direc- 
tion, the  results  of  this  study  show  the  Mylihts  enzyme  affinity  for 
these  inhibitors  and  their  effects  on  the  conformationals  changes  of 
molecular  structure,  which  affect  to  catalitic  site  and  its  affinity  for 
all  substrates. 

In  relation  to  form  h  o{  the  Myliliis  enzyme,  both  molecules 
(glucose  and  G6P)  follow  a  competitive  type  pattern,  only  affect- 
ing the  affinity  of  the  enzyme  by  the  GIP  substrate.  G6P  increases 
the  Km  in  an  order  of  magnitude  from  180  mM  to  1.8  M  when  it 
increases  concentration  from  0  to  1 .5  mM.  The  Ki  obtained  for  this 
inhibitor  is  between  0.2-0.3  mM  (Fig.  3),  a  value  similar  10  Ihal 
obtained  in  the  adductor  muscle  of  Pectcii  (Hata  et  al.  1987).  Also, 
the  glucose  produces  a  far  lower  increase  of  Km  for  the  GIP  (up 
to  217  mM)  when  its  concentration  ranges  from  0  to  20  niM, 
calculating  a  Ki  of  190  mM  (Fig.  4).  Both  in  the  presence  of  G6P 
and  of  glucose,  an  increase  in  the  Hill  Index  for  the  GIP  from 
values  approaching  I  to  values  of  1.5  and  1.9,  respectively  is 
observed  (Figs.  3,  4  insets). 

The  behavior  of  both  forms  of  enzyme  in  the  mantle  tissue  of 
Myliliis  in  relation  to  these  two  inhibitors  differs  notably  from 
what  is  described  in  the  bibliography,  particularly  as  regards  form 
a  and  mhihition  hv  silucosc  of  form  b. 
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Figure  1.  Double  reciprocal  plots  of  initial  velocity  of  phosphorylase  a 
as  function  of  GIP  concentration  in  the  presence  of  several  glucose 
concentrations:  (  3)  0  mM.  (•)  10  niM,  (A)  20  mM. 

G6P  is  described  as  a  typical  allosteric  inhibitor  of  form  b  of 
the  glycogen  phosphorylase  in  relation  to  the  AMP  with  which  it 
competes  for  the  nucleotide  site  (Madsen  and  Sheckosky  1967)  by 
binding  to  the  phosphate  subsite  (Lorek  et  al.  1984).  This  would 
explain  our  results,  because  a  lesser  bind  of  the  AMP  to  the  nucle- 
otide place  would  not  activate  the  bind  of  the  substrate  to  the  active 
center  to  the  same  extent  as  if  an  inhibitor  were  lacking,  thus 
causing  an  evident  decrease  in  affinity.  In  turn,  as  the  bind  of  the 
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Figure  3.  Double  reciprocal  plots  of  initial  velocity  of  phosphorylase  b 
as  function  of  GIP  concentration  in  the  presence  of  several  G6P  con- 
centrations: (O)  0  mM.  (•)  0.5  mM.  (A)  1.5  mM.  Inset:  Hill  plot. 

GIP  with  the  active  center  is  less  strengthened,  this  substrate  may 
bind,  in  a  secondary  form,  to  the  nucleotide  place  by  the  subsite  for 
the  P,  (Dombradi  1981).  as  indicated  by  the  increase  in  the  Hill 
Index  (Table  1 ). 

Glucose  is  a  well  known  inhibitor  of  both  forms  of  the  glyco- 
gen phosphorylase,  stabilizing  the  inactive  T  conformation  by  bind 
to  the  active  center  and  redering  it  a  better  substrate  for  phosphor- 
ylase phosphatase  (Hers  1976.  Sprang  et  al.  1982.  Madsen  et  al. 
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Figure  2.  Double  reciprocal  plots  of  initial  \elocily  of  phosphorylase  a 
as  function  of  GIP  concentration  in  the  presence  of  .several  G6P  con- 
centrations: (O)  0  mM,  (•)  0.5  mM,  (A)  1.5  mM. 
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Figure  4.  Double  reciprocal  plots  of  initial  velocity  of  phosphorylase  b 
as  function  of  GIP  concentration  in  the  presence  of  several  glucose 
concentrations:  (O)  0  mM,  (•)  10  mM,  (A)  20  mM.  Inset:  Hill  plot. 
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TABLE  1. 

Modification  of  kinetic  parameters  of  glycogen  phosphorylase  (a  and 

b)  from  Mytilus  mantle  with  respect  to  substrate  GIP  in  the 

presence  of  several  G6P  and  glucose  concentrations. 


Km  (mM) 

Vm  (lU/mL) 

nH 

bFORM 

[glycogen]:  3.2  mg/mL 

[AMP]:  1.6  mM 

[G6P] 

0.0  mM 

182.38±2x 

10-- 

0.475  ±  3  X 

10-* 

0.8 

0.5  mM 

296.59  ±  6  X 

10-' 

0.415  ±  7  X 

lo--* 

1.5 

1.5  mM 

1699.0±6x 

10-' 

0.491  ±5x 

io-» 

1.4 

[glucose] 

10.0  mM 

191.98  ±6x 

!()-' 

0.445  +  3  X 

10-' 

1.3 

20.0  mM 

217..54±6x 

10-' 

0.395  ±  5  X 

10-* 

1.9 

a  FORM 

[glycogen]:  i.2  mg/mL 

[G6P] 

0.0  mM 

1 .49  ±  5  X 

lo--- 

0. 1 23  ±  4  X 

10-^ 

1.1 

0.5  mM 

0.89  ±  1  X 

10-' 

0.157  ±4  X 

10-^ 

0.6 

1.5  mM 

0.81  ±4x 

10-* 

0.143  ±3  X 

10-' 

0.6 

[glucose] 

10.0  mM 

1.12±7x 

10-^ 

0.ll2±4x 

10^ 

0.9 

20.0  mM 

I..W±  1  x 

10-' 

0.139+ Ix 

10-' 

0.8 

Results  are  expressed  as  mM  (K„ 
means). 


-  S,,,)  and  lU/ml  ±  SEM  (standard  error 


1983,  Carabaza  et  ai.  1992).  In  the  case  of  the  Mytilus  enzyme,  we 
have  observed  the  inhibition  on  form  b  and  the  noninhibition  on 
form  a.  The  inhibition  exerted  by  this  molecule  on  the  GIP  bound 
is  clearly  a  competitive  type,  both  binding  to  the  same  area  in  the 
active  center  and  not  via  negative  heterotropic  effects  as  G6P 
behaves.  As  before,  the  GIP  displaced  by  the  inhibitor  from  the 
active  center  tends  to  interact  with  the  nucleotide  site,  and  consis- 
tently an  increase  in  the  Hill  Inde.x  is  observed  (Table  I). 

A  curious  fact,  constantly  observed  in  the  results  obtained  in 
this  paper,  is  the  greater  affinity  of  the  form  phosphorylated  by  the 
GIP  substrate  (the  K„,  decrease  between  122  and  2098  times),  at 
the  same  time  as  its  maximum  velocity  decrease  four-fold  in  terms 
of  the  affinity  and  maximum  velocity  of  the  non-phosphorylated 
form  (Table  I ).  Moreover,  because  the  inhibitory  effect  of  both 
molecules  is  particularly  on  the  affinity  by  the  GIP  and  since  this 
affinity  is  significantly  low,  also  in  the  absence  of  inhibitors  (Km 
—  180  mM),  the  scarce  physiological  importance  of  the  glycogen 
phosphorylase  reaction  of  Mytilus  in  this  direction  may  be  de- 
duced. Apart  from  the  fact  that  these  inhibitors  do  not  affect  either 
the  activity  nor  the  affinity  of  form  a,  this  supports  the  hypothesis 
of  a  greater  interaction  of  the  GIP  with  the  nucleotide  site  than 
with  the  active  center  in  the  phosphorylated  form  of  the  Mxtiliis 
enzyme  (San  Juan  1991). 

The  inhibitory  effect  of  glucose  in  reaction  reverse  direction 
only,  can  be  explained  by  the  low  affinity  of  Mxtiliis  glycogen 


phosphorylase  for  both,  substrate  (GIP)  and  inhibitor  (glucose). 
The  value  of  both  constants.  Km  and  Ki  respectively,  are  within 
the  same  order,  whereas  the  value  of  Km  for  the  glycogen  in 
physiological  direction  is  95-fold  smaller  (San  Juan  et  al.  1993). 

Taking  into  account  the  seasonal  content  of  free  tissue  glucose 
(70-130  niM).  regulated  regardless  of  the  mobilization  of  glyco- 
gen, the  non-existence  of  glucose-6-phosphate  phosphatase  activ- 
ity in  the  mantle  tissue  of  Mytilus,  which  involves  an  important 
difficulty  for  the  glucose  to  be  the  final  expression  of  the  glyco- 
genolitic  effector  system  (Crespo  1989),  and  the  high  values  of  Ki 
for  this  metabolite  obtained  in  this  work  ( 190  niM),  we  may  con- 
sider that  in  the  Mytilus  mantle,  the  regulating  role  of  the  glucose 
in  the  glycogenolitic  pathway  lacks  the  meaning  and  importance 
described  in  vertebrates  where  it  is  the  most  important  physiologi- 
cal inhibitor  of  phosphorylase  (Giinsmann  et  al.  1970,  Stalmans 
and  Gevers  1981,  Carabaza  et  al.  1992)  as  occurs  in  other  inver- 
tebrates (insects)  where  the  regulatory  role  is  in  doubt  (Applebaum 
1973.  Van  Marrewijk  et  al.  1988). 

Furthermore,  the  most  marked  inhibitory  effect  of  G6P,  its 
main  interaction  with  the  regulating  site  of  the  enzyme  and  its  low 
Ki,  inside  the  range  of  concentrations  found  in  the  mantle  tissue 
(Ibarguren  1990).  besides  the  high  phosphoglucomutase  activity 
(Bennett  and  Nakada  1968)  and  the  non-existence  of  glucose-6- 
phosphate  phosphatase  (Crespo  1989),  lead  us  to  attribute  a  regu- 
lating effect  on  this  pathway  to  this  molecule,  in  this  tissue,  which 
is  more  important  than  that  of  glucose,  as  also  seems  to  occur  in 
the  fat-body  of  insects  (Applebaum  1973)  and  in  yeasts  (Sagardia 
et  al.  1971). 

According  to  recently  obtained  but,  unpublished  data,  we  have 
observed  a  higher  proportion  of  phosphorylase  b  in  the  tnantle 
tissue  of  Mytilus  which  is  significantly  correlated  with  gametoge- 
nic  development,  at  times  when  the  concentration  of  G6P  is  at  a 
minimum  and  G6P  dehydrogenase  activity  is  al  a  maximum.  These 
data  suggest  that,  at  particular  times,  the  phosphorolitic  pathway  of 
glycogen  degradation  may  be  derived  toward  the  pentose  phos- 
phate pathway  to  form  nucleic  acids  and  reductor  power  required 
in  the  biosynthesis  of  lipids,  during  gametogenic  development. 

This  supports  and  justifies  the  low  affinity  of  form  b  by  the 
gluco.se  and  its  special  regulation  by  G6P.  The  activity  of  this 
enzymatic  form  is  described  as  fundamental  in  situations  of  low 
energy  demand,  but  is  maintained  during  prolonged  periods  of 
time  (Johnson  et  al.  1989),  as  it  is  the  gametogenesis.  when  it  very 
probably  needs  to  transfer  the  glucidic  reserve  deposits  to  lipidic 
reserves  in  the  formation  of  gametes.  Also,  this  corroborates  the 
importance  of  the  independence  of  form  a  with  regard  to  this 
inhibitor,  which  together  with  its  high  affinity  by  the  substrates  can 
respond  at  situations  of  high  energy  demand  as  stress  conditions, 
in  short  periods  of  time. 

The  different  regulation  of  glycogen  degradation  by  these  me- 
tabolites, as  shown  in  this  paper,  in  comparison  with  that  described 
in  vertebrates,  may  be  considered  as  an  adaptational  consequence 
to  a  different  physiological  function  and  provides  new  data  on  the 
contribution  of  phosphorylitic  pathway  in  the  mobilization  of  gly- 
cogen in  the  gametogenic  process  of  bivalve  molluscs. 
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TO  CURRENT  DIRECTION:  ITS  PALEOECOLOGICAL  IMPLICATION 
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ABSTRACT  The  deep  burrowing  and  sedenlury  bivalve  Tii!;clii\  plrl}i-uis  showed  preferential  orientation  on  areas  wilh  uniuireetional 
current  direction,  but  not  in  shallow  embaynients  and  upper  intertidals.  The  preferential  orientation  was  with  the  mean  bearing  of  the 
organisms  saggital  plane  perpendicular  to  the  principal  component  of  current  direction.  Siphon  orientation  was  signicantly  correlated 
wilh  the  saggital  plane  of  shells,  which  indicate  that  shell  also  follows  the  same  pattern  than  siphons.  Evidence  suggests  that  orientation 
of  buried  in  life  position  razor  clams  7".  plelwhis  found  along  the  quaternary  sediments  in  coastal  Argentina  (from  Bahia  Samborombon. 
.15°.^0'  S.  to  San  Matias  Gulf.  4I^S)  can  be  u.sed  as  reliable  indicator  of  paleocurrent  direction.  However,  our  results  also  showed  that 
intertidal  location  and  time-averaging  of  fossils  affect  their  performance  as  indicators. 

KEY  WORDS:     Tiif>eliis  plebeius.  clams,  orientation,  paleoecology 


INTRODUCTION 

Holocene  estuarine  sediments  found  along  coastal  Argentina 
are  characterized  by  extensive  death  assemblages  of  buried  in  life 
position  stout  razor  clams  Tageliis  plebeius  Solander  located  in 
well-defined  horizons  (up  to  40  cm  width;  '"*C  dates  showed  ho- 
rizons spanning  from  1,500  to  7,000  BP).  with  both  valves  ailicu- 
lated  and  in  life  position  (Schnack  et  al.  1982,  Gonzalez  et  al. 
198.^,  Aliotta  and  Farinati  1990.  Farinati  et  al.  1992,  Fig.  1  B). 
Several  hypotheses  were  proposed  to  e.xplain  their  origin:  a  rapid 
descent  of  the  sea  level  (Schnack  et  al.  1982),  obstruction  of  the 
mouth  of  a  coastal  lagoon  (Mar  Chiquita,  37°46'  S,  57°27'  W,  Fig. 
1:  Schnack  et  al.  1982),  episodic  deposition  of  fluvial  sediments  at 
the  mouth  of  the  Naposta  creek  (Bahia  Blanca,  38"45'  S,  62°15' 
W,  Fig.  IB,  Farinati  et  al.  1992),  and  taphonomic-feedback  pro- 
cesses (Isla  and  Rivero  D' Andrea  1993).  There  is  no  agreement  on 
the  origin  of  these  deposits,  but  all  hypotheses  agree  that  they 
maintain  the  original  life  position. 

Given  the  coverage  of  these  well-preserved  fossil  assemblages, 
and  the  presence  of  extant  populations  (Carcelles  1944,  Holland 
and  Dean  1977a.  Holland  and  Dean  1977b,  Rivera  Frisco  et  al. 
1997),  the  comparison  provides  a  unique  opportunity  to  evaluate 
paleoecological  hypotheses.  Furthermore,  given  that  stout  razor 
clam  are  sedentary  and  deep-burrowing  individuals,  the  chance 
that  they  avoided  laphonomic  effects  and  preserved  their  original 
life-position  are  very  high. 

Extant  populations  of  stout  razor  clam  are  currently  distributed 
on  the  Atlantic  coast  estuarine  environments  from  North  Carolina 
(USA)  to  the  San  Matias  Gulf  (41' S.  Argentina;  Carcelles  1944, 
Holland  and  Dean  1977a,  Holland  and  Dean  1977b).  They  occur 
from  30  cm  below  mean  low  water  (MLW)  to  90  cm  above  MLW, 
and  density  range  from  200  clams  •  m""  just  above  MLW  to  <3 
clams  •  m"-  at  50-90  cm  above  MLW  (Holland  and  Dean  1977a, 
Holland  and  Dean  1997b).  Large  densities  are  found  in  the  SW 
Atlantic  estuaries  (Rivera  Frisco  et  al.  1997),  which  can  be  used  to 
provide  a  better  insight  on  processes  that  may  have  occurred  dur- 
ing the  generation  of  the  fossil  assemblage. 

Many  organisms  living  on  or  in  the  substrate  demonstrate  a 
specific  orientation,  which  is  usually  a  common  functional  or  be- 
havioral response  in  epifaunal  sedentary  or  semisedentary  filter- 
feeders  (Creutzberg  1975),  such  as  hydroids  (Bromhall  1959).  oc- 


tocorals  (Wainwrighl  and  Dillon  1969),  barnacles  (e.g.  Moore 
1935),  brachiopods  (LaBarbera  1977),  scallops  (Hartnoll  1967), 
clams  (Vincent  et  al.  1988),  and  oysters  (Lawrence  1971).  Mea- 
surement of  the  plane  of  the  commissure  of  fossil  oysters  (Cras- 
sostrea  gigantissima)  was  applied  to  infer  orientation  of  the  tidal 
channel  in  an  ancient  environment  (Lawrence  1971 ). 

Filter  feeders  or  surface  deposit  feeders  bivalves  are  usually 
connected  with  the  surface  by  an  inhalant  and  an  exhalant  siphon. 
Where  current  is  bidirectional  it  would  be  expected  that  siphons 
adopt  the  position  that  minimizes  mixing  of  excun-ent  and  incur- 
rent  flows  during  the  tidal  cycle,  which  is  with  the  saggital  plane 
of  the  clam  perpendicular  to  the  current  direction  (Vincent  et  al. 
1988).  If  the  stout  razor  clam  follows  this  pattern,  orientation  of 
fossil  shells  standing  in  life  position  can  be  used  as  a  valuable  tool 
to  infer  current  direction  in  their  paleo-environments.  Golfieri 
(1996)  have  noticed  that  orientation  of  fossil  stout  razor  clams 
(Quequen  Grande  river.  38°35'  S,  58°41'  W;  '-"C  date:  6.440- 
6,850  yrs.  BP)  standing  in  life  position  was  not  always  random,  but 
instead  at  certain  sites  they  tend  to  have  a  main  direction.  In  this 
work,  based  on  extant  individuals,  we  show  that  under  certain 
conditions  orientation  of  shells  of  the  stout  razor  clams  Tageliis 
plebeius  buried  in  life  position  may  be  a  reliable  indicator  of 
current  direction. 

MATERIAL  AND  METHODS 

The  study  was  peiformed  in  tidal  flats  located  in  the  Mar  Chiq- 
uita coastal  lagoon.  Argentina  (Fig.  lA).  This  lagoon  is  a  body  of 
brackish  water  (approximately  46  Knr)  affected  by  low  amplitude 
(si. 5  m)  tides  and  characterized  by  mudflats  and  large  surround- 
ing cordgrass  beds  (Spartina  densiflora)  (Fasano  et  al.  1982).  The 
lagoon  originated  during  the  regressive  phase  that  followed  a 
transgressive  maxituum  (about  5.000  yrs.  BP)  that  leads  to  a  rela- 
tive sea-level  stand  of  2-2.5  m  over  present  sea-level  (Fasano  et  al. 
1982).  Well-defined  horizons  of  Tagelus  plebeius  fossil  assem- 
blages originated  during  this  regressive  phase  (Schnack  et  al.  1982. 
Gonzalez  et  al.  1983).  Extant  dense  populations  are  currently 
found  in  the  same  region  (Rivera  Frisco  et  al.  1997). 

Observations  and  sampling  were  perforined  from  summer  to 
late  autumn  1997  in  12  sites  located  in  two  channels  near  the 
mouth  of  the  lagoon.  Sites,  located  along  two  meandric  creeks 
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Figure  1.  (A)  Location  of  study  sites  (indicated  by  numbers)  at  the 
entrance  of  the  Mar  Chiquita  coastal  laguon  (MCCL).  (B)  Map  show- 
ing the  location  of  fossil  death  shell  assemblages  (shadow  area)  on  the 
SW  Atlantic  coastal  areas.  QGR:  Quequen  Grande  River,  NGC:  Na- 
posta  Grande  Creek,  SMG:  San  Matias  Gulf. 

(Vivorata  and  Cangicjito).  were  chosen  to  include  different  current 
bearings  (Fig.  lA). 

Current  speed  and  direction  wei'e  measured  during  a  single 
spring  tidal  cycle  (January  1997)  at  5  cm  distance  from  the  bottom 
near  the  MLW  level  at  each  site.  Measurements  were  performed 
using  neutral  red  dye,  measuring  the  time  spent  in  covering  a 
distance  of  1  m.  Measurements  began  at  high  tide  and  continued 
until  low  tide,  when  water  depth  was  10  cm  over  the  bottom. 
Current  speed  was  estimated  as  the  average  of  10  replicates  taken 
30  sec  apart,  a  procedure  that  was  repeated  every  30  min.  Current 
direction  compass  bearing  was  also  estimated  each  time. 

Orientation  of  the  saggital  plane  of  at  least  100  randomly  se- 
lected clams  per  site,  localized  by  their  siphon  openings,  were 
determined  during  low  tide  at  MLW  level.  Orientation  was  defined 
as  the  bearing  of  a  line  crossing  both  siphons  from  the  exhalant  to 
the  inhalant  siphon.  After  obtaining  the  orientation  bearing  of  the 
siphons,  clams  were  unburied  and  the  same  measurement  was 
obtained  from  the  saggital  plane  of  the  shells.  To  evaluate  if  siphon 
bearing  were  correlated  with  shell's  saggital  plane  bearing,  corre- 
lation analysis  (Zar  1984)  for  both  ineasurements  of  each  clam  was 
performed  from  each  site.  Original  orientation  data  were  trans- 
formed into  a  unimodal  sample  by  doubling  each  bearing  and 
reducing  the  multiple  module  360  {Batschelet  1981).  The  null 
hypothesis  of  no  random  orientation  was  evaluated  with  a  Chi- 
squared  test  (Zar  1984). 

To  evaluate  if  location  along  the  intertidal  affects  siphon  bear- 
ing, at  two  of  the  sites  where  a  non-random  distribution  of  bearings 
was  found  at  MLW  level,  we  obtained  similar  samples  at  0.9  m 
(±0.10)  above  the  MLW  level.  Chi-.squared  test  was  used  to  evalu- 
ate, within  sites,  the  null  hypothesis  of  no  difference  in  bearing 
between  intertidal  levels. 

To  evaluate  if  orientation  affected  distance  between  siphons, 
samples  were  obtained  from  site  4  (at  MLW  level)  where  prefer- 


ential orientation  was  found.  At  this  site  we  measured  orientation 
and  distance  between  siphons  for  each  clam.  Then,  the  data  set  was 
divided  into  two  subsets,  individuals  that  were  oriented  in  the  same 
direction  as  the  main  creek  current  (80°  ±  30°)  and  a  second  that 
showed  an  approximately  perpendicular  orientation.  Then,  the  null 
hypothesis  of  no  difference  in  siphon  separation  between  these  two 
orientations  was  evaluated  by  the  Welch's  approximate  t-test  (t^., 
Zar  1984). 

RESULTS  AND  DISCUSSION 

Siphon  direction  was  correlated  with  axial  shell  bearing  (r"  = 
0.98,  n  =  60,  P  <  0.05)  at  all  sites,  thus  it  can  be  used  as  a  reliable 
indicator  of  shell  bearing.  Current  speed  and  orientation  differed 
between  sites  (Fig.  2).  Sites  1  to  7  demonstrated  large  change  in 
current  velocity  along  the  tidal  period,  with  a  constant  bidirectional 
direction.  Sites  8  and  9  were  located  in  an  embaynient  where 
current  velocity  during  the  tidal  cycle  was  much  lower  or  unde- 
tected (Fig.  2),  and  without  definite  orientation.  Siphon  orientation 
was  preferentially  oriented  at  all  sites  where  current  direction  was 
cleariy  unidirectional  (Site  1:  x'  =  32.7,  df  =  8.  P  <  0.05;  Site  2: 
X"  =  76.  P  <  0.05:  Site  3:  x"  =  53,  P  <  0.05;  Site  4:  x"  =  67,  P 
<  0.05:  Site  5:  x"  =  80.  P  <  0.05:  Site  6:  x"  =  -'>2.  P  <  0.05;  Site 
7:  X"  =  22.  P  <  0.05:  Fig.  3).  Always,  the  lower  frequency  of 
individuals  was  oriented  in  the  direction  of  the  main  current,  while 
most  of  the  individuals  were  around  the  perpendicular  angle  to  the 
main  channel  direction  (Fig.  3).  The  embayment  with  the  lowest 
current  velocity  (Site  8  and  9,  Fig.  2)  had  a  lack  of  preferential 
current  direction  and  clam  orientation  (Site  8:  x"  =  I  -1  ■  P  >  0.05; 
Site  9:  x"  =   1.8.  P  >  0.05;  Fig.  3). 

There  was  no  relationship  between  siphon  orientation  and  dis- 
tance between  inhalant  and  exhalant  siphon  at  any  site  (Site  4: 
30°-130°;  x  =  22.2.  SD  =  6.3.  n  =  13;  0°-30°.  120°-180°:  x  = 
24.4.  SD  =  9.1,  n  =  38;  t^  =  0.96,  df  =  30.  P  >  0.05:  Fig.  5), 
which  suggest  that  distance  between  siphons  is  not  used  to  com- 
pensate waste  accumulation  due  to  lack  of  current  direction. 

Our  results  suggest  that  orientation  of  shells  of  T,  pleheiiis  can 
be  used  as  a  reliable  indicator  of  current  direction.  However  there 
are  two  problems  that  should  be  addressed  for  reliable  results,  the 
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Figure  2.  Current  velocity  at  MLW  level  at  each  sampling  site  (indi- 
cated as  numbers  on  the  upper  right  corner). 
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Figure  X  Siphon  orientation  at  sites  located  at  MLW  level.  Arrows 
indicate  main  current  direction  and  vertical  bold  lines  indicate  90 
from  the  main  current  direction. 


effects  of  location  within  the  intertidal  and  time-averaging. 
Samples  obtained  from  upper  intertidal  levels,  in  sites  where  pref- 
erential orientation  was  found  at  MLW,  demonstrated  a  random 
pattern  with  significant  difference  between  both  samples  (Site  1: 
X"  =  35,  P  <  0.05;  Site  5:  x"  =  67.  P  <  0.05;  Fig.  4).  These 
differences  suggest  that  the  lack  of  orientation  on  fossil  shells  may 
also  be  due  to  their  location  within  the  intertidal  level. 

Finally,  time-averaging  isensii  Walker  and  Bambach  1971)  can 
mask  patterns  if  current  changed  over  periods  shorter  than  the 
averaged  time.  Several  lines  of  evidence  suggest  that  time- 
averaging  occurred  during  the  generation  of  the  stout  razor  clam 
fossil  shell  assemblages.  Samples  (0.25  m"  area.  0.8  m  depth,  n  = 
10)  taken  from  fossil  deposits  of  Mar  Chiquita  ('""C  date:  1,500 
yrs.  BP.  Schnack  et  al.  1982)  had  extremely  high  density  of  shells 
in  life  position  (x  =  560  individuals  m"".  pers.  obs.).  Similar  fossil 
deposits  from  Quequen  Grande  river  (38°35'  S,  58°4r  W;  '^C 
date:  6.440-6,850  y.  BP)  also  were  in  densities  up  to  816  {±  12) 
clams  •  m"-  (Golfieri  1996).  However,  densities  reported  for  extant 
populations  are  much  lower:  up  to  300  clams  •  m'".  at  the  Western 
Atlantic  and  Gulf  of  Mexico  estuaries  (Chanley  and  Castagna 
1 97 1 ),  72  clams  •  m"-  in  South  Carolina  (Holland  and  Dean  1 972a) 
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Figure  4.  Siphon  orientation  at  (1.8  cm  over  .\1LW  level  (empty  bars) 
compared  with  samples  obtained  at  MLW  level  (dotted  bars)  on  sites 
1  and  5.  Arrows  indicate  main  current  direction  and  vertical  bold  lines 
indicate  90    from  the  main  current  direction. 
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Figure  5.  (A)  Siphon  orientation  at  a  site  located  at  MLW  level,  and 
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phons. Arrows  indicate  main  current  direction  and  the  vertical  bold 
line  indicate  90°  from  the  main  current  direction. 
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and  70  clams  •  iir-  al  the  Mar  Chiquita  lagoon  (Rivera  Prisco  et  aL 
1997).  Radiocarbon  dates  of  fossil  shells  also  provide  evidence  of 
time-averaging.  The  three  shells  dated  from  the  same  level  of  the 
Quequen  Grande  river  fossil  assemblage  showed  ages  of  6440 
(±100).  6850  (±1 10).  6.^60  (±100)  yrs.  BP  (Golfieri  1996).  which 
indicates  at  least  490  y  of  time-averaging.  Aging  of  razor  clams 
from  the  Naposta  Grande  creek  also  showed  evidence  of  time 
averaging,  with  ages  of  3.830  (±100)  yrs.  BP.  3.560  (±100)  yrs.  BP 
(Farinati  et  al.  1992)  and  3.373  y.  BP  (Farinati  1985).  These  dif- 
ferences sum  477  y  of  time-averaging.  Given  that  these  small 
sample  sizes  (three  individuals)  make  it  unlikely  to  find  the  young- 
est and  the  oldest  shells,  the  time-averaged  is  likely  to  be  under- 
estimated (Flessa  and  Kowalewski  1994).  Thus,  we  believe  that 


orientation  of  shells  can  be  used  to  gain  insight  on  paleocuirenl 
direction  only  if  there  is  a  reliable  indication  of  time  of  death  for 
each  individual.  However  in  this  case,  it  will  also  be  possible  to 
investigate  changes  in  direction  over  time. 
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REPRODUCTION  AND  FECUNDITY  OF  DON  AX  TRUNCULUS  L.,  175S  (BIVALVIA: 
DONACIDAE)  IN  THE  LITTORAL  OF  MALAGA  (SOUTHERN  SPAIN) 
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ABSTRACT  The  reproductive  cycle  and  fecundity  of  D(ma\  iruiuuhis  Linnaeus,  1758  was  studied  using  histology  and  changes  in 
llcsh  dry  weight,  in  the  littoral  of  Malaga  (Southern  Spain),  from  February  1990  to  January  1991.  The  high  levels  of  chlorophyll, 
attributable  to  the  occurrence  of  upwellings.  and  the  relatively  temperate  temperatures  of  the  seawater  on  the  littoral  of  Malaga  allow 
a  long  reproductive  period,  from  February  to  October,  and  facilitate  the  maintenance  of  the  gonads  of  many  individuals  in  a  preactive 
stage  from  November  to  January .  The  highest  percentage  of  individuals  w  ith  cytolized  stages  (44 '7f )  was  found  in  January.  Histological 
study  of  the  se.xual  cycle  shows  continuous  spawning  from  April  to  September,  with  two  peaks  in  May  and  August.  Between  these 
months,  there  is  an  important  amount  of  early  active  individuals,  which  proceed  from  postactive  without  having  gone  through  a 
cytolized  stage. 

Data  on  the  fecundity,  measured  as  total  number  of  oocytes,  have  been  obtained  w  ith  the  help  of  image  analysis  techniques  on  series 
of  histological  preparations  of  active  females.  The  average  size  of  the  mature  oocyte,  considered  as  an  ellipsoid,  is  independent  of  the 
size  of  the  individual.  The  ratio  of  gonadal  volume  to  visceral  mass  volume  ranges  between  13.42  and  51.46.  being  lower  in  the  second 
peak  of  spaw  ning  for  individuals  of  similar  size.  The  percentage  of  the  gonadal  volume  occupied  by  the  oocytes  ranges  between  9.67% 
and  20.28Q.  being  lower  in  females  of  similar  size  from  both  August  and  September.  The  two  latter  results  and  the  histological 
observ ations  support  the  hypothesis  of  two  spawnings  per  individual  in  each  cycle,  the  second  of  which  would  be  reduced  in  intensity. 
The  total  fecundity  for  D.  inmciiliis  ranged  between  3."?. 245  and  641.000  oocytes. 

KEY  WORDS:     Dona\  iriinciihis.  Southern  Spain,  reproduction,  fecundity,  images  analysis  techniques 


INTRODUCTION 

Domix  fninciilus  Linnaeus.  1758  is  a  littoral  species  widely 
distiibuted  from  Brittany  (French  coast)  (Lucas  1965.  Ansell  and 
Lagardere  1980,  Guillou  and  Le  Moal  1980)  to  Southern  Morocco 
(Pasteur-Humbert  19621  and  in  the  Mediterranean  (Sabelli  et  al. 
1990).  For  being  a  commercial  species,  D.  tninculus  has  been 
studied  intensively  for  fisheries  management  (Baldaccini  and  Bia- 
nucci  1984.  Fischer  et  al.  1987).  ecology  (Deaiovanni  and  Moueza 
1972).  biology  (Ando  et  al.  1976,  Ansell  and  Bodoy  1979,  Ansell 
and  Lagardere  1980,  Ansell  et  al.  1980).  ethology  (Moueza  1972), 
nutrition  (Moueza  1976).  population  dynamics  (Moueza  and  Ches- 
.sel  1976.  Guillou  and  Le  Moal  1980.  Bayed  and  Guillou  1985. 
Maze  and  Laborda  1988.  Neuberger-Cywiak  et  al.  1990).  and  re- 
production (Moueza  1975.  Moueza  and  Frenkiel-Renault  1970. 
Moueza  and  Frenkiel-Renault  1973,  in  Algeria,  Lucas  1965.  in 
Brittany  (French  coast);  Badino  and  Marchioni  1972,  in  Italy; 
Bayed  1990,  on  the  Atlantic  coast  of  Morocco;  Neuberger-Cywiak 
et  al.  1990.  on  the  coast  of  Israel),  from  which,  only  Bayed  ( 1990) 
and  Neuberger-Cywiak  et  al.  (1990)  have  used  histological  meth- 
ods to  study  the  sexual  cycle. 

A  wide  variety  of  techniques  have  been  applied  to  date  for 
estimating  the  gonadal  production  of  bivalves  (Griffiths  1977,  Be- 
ninger  1987.  Morales-Alamos  and  Mann  1989).  These  include 
non-histological  methods,  using  gonadal  indices,  such  as  shell 
height  to  weight  ratios  or  dry  weight  ratios  of  somatic  to  gonadal 
tissues.  The  volumetric  method  of  Snyder  (1985)  has  been  used  to 
compute  the  number  of  eggs  in  Lithophaga  lirhopluigci  Linnaeus, 
1758  (Galinou-Mitsoudi  and  Sinis  1994).  Other  quantitative  or 
semi-quantitative  methods  use  histological  preparations  on  which 
are  applied  stereological  (Lowe  et  al.  1982,  Borrero  1987,  Morvan 
and  Ansell  1988).  planimetric  (Morales-Alamos  and  Mann  1989) 


or  image  analysis  techniques  ( Hefferman  and  Walker  1989a,  Hef- 
fernan  and  Walker  1989b). 

Along  the  coast  of  Malaga.  D.  timiciilm  is  locally  known  as 
"coquina""  and  has  an  important  consumer  market.  During  1996. 
according  to  the  data  of  the  provincial  authority  for  fisheries  and 
agriculture  (Delegacion  provincial  de  la  Consejerfa  de  Agricultura 
y  Pesca,  of  Junta  de  Andaluci'a).  at  least  19.328  kgs  of  D.  trunculus 
were  capntred.  for  a  market  value  of  23.292,082  pesetas  (approxi- 
mately $170,000).  Because  of  the  existence  of  legal  limits  to  the 
daily  catch  per  boat,  and  because  of  its  easy  accessibility,  there  is 
an  important  illegal  market  and  an  amount  of  catches  by  individu- 
als, which  amounts  to  quantities  in  the  same  order  of  magnitude  as 
the  official  catch  but  is  not  taken  into  account  by  official  statistics. 

The  law  in  Andalucia  (autonomous  region  including  eight 
southern  provinces  of  Spain)  rules  that  the  fishing  season  for  D. 
truiKulii.s  is  closed  from  April  1st  to  September  30th  (order  of 
Consejeria  de  Agricultura  y  Pesca,  dated  November  12th,  1984). 
However,  the  provincial  delegations  are  authorized  to  change  it 
within  this  interval;  in  the  case  of  Malaga,  the  close  of  season  has 
been  removed  since  1990.  This  action  has  been  taken  without  any 
previous  knowledge  of  the  reproduction  in  this  area,  and  this  has 
led  us  to  study  the  reproductive  and  gametogenic  cycles,  using 
analysis  of  biomass  (as  flesh  dry  weight)  variation,  and  histologi- 
cal sections  of  gonads  respectively. 

This  work  also  reports  data  on  the  fecundity  (total  number  of 
oocytes)  of  D.  trunculus.  obtained  with  the  help  of  image  analysis 
techniques  on  several  series  of  histological  preparations  of  active 
females. 

MATERIALS  AND  METHODS 

A  total  number  of  1 ,636  specimens  of  D.  trunculus  were  ex- 
amined and  measured  for  shell  length  (greatest  antero-posterior 
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TABLE  1. 

Doiiax  Irunculus.  Sampling  date,  total  number  of  specimens  captured  (N)  and  their  distribution  by  type  of  analysis.  In  brackets,  specimens 

ignored  because  of  traces  of  predation  (biomass)  or  bad  fixation  (histology). 


Date 

10  Fb 

24  Mr 

21  Ap 

12  My 

9  Jn 

14.11 

18  Ag 

8Sp 

20  Oc 

3Nv 

1  Dc 

26  Jan 

Biomass 
Histology 

99(19) 

28 

199(6) 
17 

101 (16) 
21 

100(16) 

25 

97(13) 
30 

99(10) 
30  ( 3 ) 

126(53) 
30 

95(46) 
30 

97(16) 
31 

98(17) 
29(1) 

97 (33) 
29(1) 

99(14) 
29 

N 

127 

216 

122 

125 

127 

124 

156 

125 

128 

127 

126 

128 

measurement,  ranging  from  8.S  to  41  mm)  (Table  1 ).  The  samples 
were  collected  monthly,  from  February  1990  to  January  1991, 
using  a  dredge  with  toothed  aperture  and  1 .5  cm  mesh.  Because  of 
the  torrential  rains  in  November  and  December  1989  on  the 
Malaga  Province,  which  caused  the  disappearance  of  the  popula- 
tions from  many  sandy  beaches;  the  samples  had  to  be  taken  be- 
tween Benalmadena  and  Fuengirola.  along  beaches  that  are  pro- 
tected by  cliffs  and  where  continental  water  runoff  is  minimal.  The 
sediment  there  is  medium-grained  sand  with  stones,  at  a  depth 
between  I  and  3  meters  (Fig.  I )  and  unfortunately  was  not  suitable 
for  coring  and  obtaining  the  fine  fraction  and  juveniles. 

To  assess  the  possible  influence  of  environmental  factors  on  the 
cycle,  samples  of  surface  water  (2  L)  were  taken  for  determination 
of  chlorophyll  a.  The  surface  water  temperature  was  also  mea- 
sured. Pigment  analyses  were  performed  by  filtering  the  water 
volume  on  Whatman  GF/C  glass  filters,  the  pigments  of  the  re- 
tained cells  were  then  extracted  with  acetone  (neutralized  with 
MgCO,)  for  12  h  in  cool,  dark  conditions,  following  the  recom- 
mendations of  Lorenzen  and  Jeffrey  (1980).  Concentrations  of 
chlorophyll  a  were  calculated  using  the  trichromatic  equations  of 
Jeffrey  and  Humphrey  (1975). 

The  analysis  of  biomass  variation  was  based  on  1.307  speci- 
mens (Table  1 ).  Specimens  showing  traces  of  predation  of  the  foot 
or  the  siphons  (259).  were  eliminated  from  this  analysis.  Every 
specimen  was  sexed  (during  the  period  of  sexual  activity,  the  testes 
of  males  have  a  viscous  aspect  and  a  whitish-orange  colour, 
whereas  the  ovaries  are  bluish,  with  a  granular  content).  The  soft 
parts  were  then  pulled  out  from  the  shell,  placed  in  a  drying  stove 
at  IOO"C  for  24  hs.  and  weighed  to  the  nearest  milligram.  The 
regression  of  the  tlesh  dry  weight  on  the  length  was  calculated  for 
each  month,  to  estimate  the  variation  in  biomass  of  a  standard 
individual,  based  on  the  logarithinic  transformation  of  Ricker's 
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Figure  I.  Sampling  area. 


function  W  =  aL*"  (Ricker  1975).  where  W  is  the  weight.  L  is  the 

length,  a  is  the  ordinate  at  origin  and  b  is  the  slope. 

The  histological  study  was  performed  on  329  specimens,  with 

shell  length  ranging  between  8.8  and  39.8  mm  (Table   1).  For 

histological  processing,  specimens  were  anesthetized  with  MgCK. 

fixed  in  IC/f  fonnaldehyde.  embedded  in  paraffin,  sectioned  at  10 

(j.m.  and  stained  with  haematoxylin  of  Carazzi  and  eosin.  The 

stages  of  development  of  the  gonad  were  scored  according  to  the 

scale  proposed  by  De  Villiers  ( 1975)  for  D.  semi  Roding.  1 798  in 

South  Africa,  who  proposes  five  stages: 

Cytolized:  the  alveoli  are  very  small  and  wide  apart.  Some  clams 
can  be  sexed  when  a  few  gametes  are  present. 

Preactive:  the  alveoli  are  sometimes  not  in  contact  with  one  an- 
other, but  they  always  have  clearly  defined  alveolar  walls.  They 
are  intersected  by  broad,  continuous  transverse  fa.scicles.  Most 
clams  can  be  sexed. 

Active:  the  alveoli  are  large  and  usually  adjacent.  The  alveolar 
walls  are  always  complete.  Germ  cells  in  various  stages  of 
development  fill  the  alveoli  and  are  either  actively  increasing 
and  enlarging. 

Spawning:  the  aheolar  pattern  is  disturbed  and  the  alveolar  walls 
are  often  broken.  The  alveoli  are  often  flattened  and  show  an 
orientation  toward  the  center  of  the  gonad. 

Postactive;  the  amount  of  germ  cells  varies,  depending  on  the 
intensity  of  spawning  and  the  time  that  has  elapsed  since 
spawning  took  place.  Phagocytic  cells  are  common. 
When  zones  of  the  same  gonad  have  different  stages  of  gonadal 

development,  we  used  the  stage  with  largest  volume  occupied. 
Fecundity  was  determined  using  image  analysis.  Only   18  of 

329  females  examined  were  found  in  the  satisfactory  stage  (ripe. 

active  before  spawning),  and  for  these  the  whole  individuals  were 

sectioned.  The  process  was  as  follows. 

Volume  of  Oocytes 

The  sections  were  viewed  under  a  Nikon  Labophot  optical 
microscope,  the  image  taken  through  a  video  camera  and  digi- 
talized.  An  area  with  mature  oocytes  (nucleus  with  refringent 
nucleolus)  was  selected,  and  the  image  of  oocytes  individualized 
by  grey  level  thresholds.  Maximum  and  minimum  diameter  was 
registered  on  more  than  350  oocytes  for  each  size  class,  then  the 
average  volume  of  an  oocyte  (considered  as  an  ellipsoid)  was 
computed. 

Volume  of  Gonad  and  Visceral  Mass 

The  histological  .sections  were  viewed  under  low  magnification 
(2()x),  the  image  taken  on  video  and  digilalized.  The  area  of  the 
gonad  on  each  view  was  selected  using  an  optical  pen.  the  area  of 
visceral  mass,  automatically  selected  using  grey  le\el  thresholds. 
Once  individualized,  these  areas  were  autonialically  measured.  Ini- 
tially, two  of  every  three  sections  were  analyzed,  but  no  significant 
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TABKK  2. 

Duiiax  Iriincuhis.  Dislrihiilion  of  sexes  during  the  nionlhs  of  ripe 
gonads.  M:  males;  F:  females;  N:  number  of  observations. 
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47.629; 
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N  =  2?2 

differences  were  nowd  when  analyzing   1   of  every   10  sections 
(spaced  100  (jlhi). 

Percentage  of  the  Gonadal  Volume  Occupied  By  Oocytes  (Egg  Area) 

The  number  of  oocytes  has  been  estimated  in  four  standardized 
areas  in  1  of  every  50  section,  along  the  whole  gonad.  The  average 
density  of  oocytes  has  been  found  not  to  vary  significantly  through 
the  gonad;  thus  the  egg  area  can  be  extrapolated  from  selected 
sections.  Knowing  the  average  volume  of  an  oocyte,  the  total 
number  of  oocytes  can  be  estimated. 

RESULTS 

A)  Sex — Ratio 

The  sex-ratio  was  determined  on  the  samples  collected  in  May 
and  June,  because  at  that  time  100%  of  the  specimens  can  be  sexed 
macroscopically  according  to  the  color  of  the  gonad.  A  total  of  252 
specimens  were  examined,  of  which  132  (57.83%)  were  females 
and  120  (47.62%)  males  (Table  2).  with  a  sex-ratio  of  l.I.  A 
chi-square  value  of  0.96  has  been  obtained;  so  the  sex-ratio  can  be 
considered  as  1:1.  The  smallest  male  and  female  with  differenti- 
ated gonads  measured  1 1.5  mm  and  13.3  mm.  respectively.  We  did 
not  find  any  hermaphrodite. 

B)  Sexual  Cycle 

1.  Biomass 

From  the  macroscopic  examination  of  the  gonads,  preceding 
the  flesh  dry  weight  analysis,  a  reproductive  period  of  D.  tnmcithis 
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Figure  3.  Variation  in  flesh  dry  weight  in  a  standard  animal  25  mm 
long  of  D.  trunculus. 

on  the  coast  of  Malaga  could  already  be  determined  (Fig.  2).  Its 
long  duration,  from  February  to  October,  was  evidenced  by  the 
constant  presence  of  specimens  with  active  (colored)  gonads,  al- 
though in  small  numbers  at  either  extremity  of  the  cycle.  Never- 
theless, there  are  some  individuals  with  active,  colored  gonads  in 
November  and  December.  January  is  the  only  month  where  100% 
of  the  population  is  macroscopically  indifferentiated  (Fig.  2).  We 
consider  November  to  January,  where  the  percentages  per  month 
of  macroscopically  indifferentiated  specimens  are  higher  than 
90%,  as  the  resting  period. 

To  minimize  the  bias  introduced  by  the  somatic  growth  of 
individuals  during  the  cycle,  and  by  the  variation  in  the  size  of 
specimens  between  successive  samples,  the  variation  of  flesh  dry 
weight  was  estimated  for  a  standard  individual  25  mm  long  (Fig. 
3)  -a  size  close  to  the  mean  size  in  the  population-  taking  into 
account  the  regression  lines  for  every  month  (Table  3). 

This  graph  shows  an  important  increase  in  the  flesh  dry  weight 
from  March  onward,  with  a  peak  in  April,  related  mainly  to  a  fast 
gonadal  development.  The  decrease  in  May  is  probably  related  to 
gamete  release,  which  occurs  continuously  until  July,  although  less 
intense  and  less  abundant.  Thus,  the  low  flesh  dry  weight  values 
are  also  influenced  by  the  presence  of  postactive  individuals.  There 

TABLE  3. 

Linear  regression  calculated  for  each  month.  Lm:  average  length; 

R:  coefficient  of  correlation;  N:  number  observations;  W(25):  weight 

of  a  standard  individual  of  2?  mm. 


Month        Lm 


Regression  Lines 


R 


N 


W  (25  mm) 


Figure  2.  Relative  frequency  of  the  sexes  through  the  year  of  study.  M, 
males  in  D.  trunculus:  F,  females;  I,  indifferentiated. 
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is  a  second  peak  of  dry  weight  values  in  August,  wliicli  seem  to  be 
a  renewed  gonadal  developinent,  whose  probable  release  results  in 
the  decrease  of  dry  weight  in  September.  The  strong  increase  from 
November  to  December  could  be  interpreted  as  a  storage  of  re- 
serves, related  to  a  peak  value  of  chlorophyll  a  in  November  (Fig. 
4).  This  view  is  supported  by  the  fact  that  most  specimens  exam- 
ined macroscopically  in  December  were  sexually  indeterminate, 
and  thus  the  gonad  cannot  account  for  the  increase  in  weight. 

2.  Gametogenic  Cycle 

The  data  obtained  through  the  histological  study  are  presented 
in  Table  4,  which  shows  the  total  number  of  specimens  analyzed, 
their  distribution,  for  each  sex  and  devekipment  stages,  according 
to  the  scale  of  De  Villiers  (1975).  The  development  of  the  gonad 
starts  in  February  and  lasts  until  October  where  only  two  males 
were  found  active  or  spawning;  nevertheless  at  no  time  during  the 
year  was  the  entire  population  in  cytolized  stage.  The  highest 
percentage  of  population  in  cytolized  stage  (44%  of  the  individu- 
als) was  found  in  January.  During  the  period  of  inactivity  of  the 
gonad,  from  November  to  January  the  resting  period-most  of  the 
population  remain  in  a  preactive  stage  (Fig.  5). 

During  the  reproductive  period,  the  histological  data  show  con- 
tinuous spawning  from  April  to  September  with  two  peaks  of 
release,  in  May  and  August,  the  first  one  somewhat  more  intense. 
Between  these  months,  there  is  an  important  amount  of  early  active 
individuals,  which  proceed  from  postactive  without  having  gone 
through  a  cytolized  stage.  This  suggests  the  existence  of  a  second 
release  by  the  same  individual,  further  supported  by  the  percent- 
ages in  the  study  of  the  fecundity.  Active  individuals  with  similar 
sizes  have  a  smaller  percentage  of  gonad  in  August  than  in  May 
(Table  6;  Fig.  7).  whereas  this  should  not  happen  if  all  individuals 
had  a  single  spawning  by  cycle. 

This  gametogenic  cycle  thus  appears  asynchronous  in  the  popu- 
lation, as  is  evidenced  by  the  simultaneous  occurrence  of  several 
stages  in  each  monthly  sample,  and  between  the  inales  and  the 
females  (Table  4).  Through  microscopical  observation,  it  could  be 
seen  that  the  release  is  never  complete,  in  whatever  period  of  time 
and  particular  specimen  analyzed.  During  the  period  of  sexual 
activity,  the  germ  cells  not  released  (gonadal  zone  in  spawning 
stage)  are  not  reabsorbed  and  coexist  frequently  with  a  postactive 
and/or  new  active  stage  in  others  zones  of  the  gonad  (Fig.  6).  The 
coexistence  of  several  gametogenic  stages  in  the  same  specimen 
has  been  observed  in  more  than  40%  of  the  individuals  during  the 
period  of  sexual  activity. 
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Figure  4.  Sea  water  temperatures  (triangles)  and  changes  in  concen- 
tration of  chlorophyll  a  in  sea  water  (squares). 


C)  EnvinmmeiUal  h'aclors 

As  external  factors  possibly  influencing  the  cycle,  measure- 
ments were  made  of  the  surface  temperature  of  sea  water,  and  the 
levels  of  chlorophyll  a  in  the  water  (Fig.  4).  This  figure  shows  the 
annual  cycle  of  temperature,  with  a  minimum  of  1 2°C  in  Decem- 
ber and  a  maximum  of  24°C  in  July.  From  January  onward,  tem- 
perature gradually  increases,  concurrently  with  the  development  of 
the  gonad  in  most  of  the  population.  In  August,  temperature  starts 
to  decrease,  although  it  maintains  high  values  for  August  (23°C) 
and  September  (22''C).  From  October  onward,  the  decrease  be- 
comes sharper,  coincident  with  the  end  of  the  reproductive  period, 
and  continues  until  the  minimum  in  December.  The  variation  of 
the  chlorophyll  a  levels  in  the  sea  water  shows  a  peak  in  March, 
coincident  with  the  maximum  percentage  of  individuals  with  go- 
nads in  an  active  stage  (Table  4).  and  a  second  peak  in  November, 
which  seems  to  be  adventageous  for  the  storage  of  reserves  (Fig.  3). 

D)  Fecundity 

According  to  the  maximum  and  minimum  diameters  ratio,  the 
oocyte  of  D.  tninculus  must  be  considered  as  an  ellipsoid  (Table 
5),  with  an  average  volume  of  60,206  jj-m'.  The  average  size  of  the 
inature  oocyte  is  not  dependant  on  the  size  of  the  individual. 

The  ratio  of  gonadal  volume  to  visceral  mass  voluirie  ranges 
between  28.86%  and  51.46%  in  May,  whereas  it  ranges  between 
13.42%  and  36.76%  in  females  of  comparable  sizes  in  August  and 
September  (Table  6).  This  corresponds  to  the  two  peaks  of  spawn- 
ing detected  in  the  monthly  histological  observations,  the  second 
of  which  may  involve  the  same  individuals  but  is  reduced  in  in- 
tensity (Fig.  7). 

The  percentage  of  the  gonadal  volume  occupied  by  oocytes  in 
D.  tninculus  ranges  between  9.677^  and  20.28%  (Table  6).  This 
percentage  is  slightly  lower  in  the  females  of  similar  size  in  August 
and  September  (Fig.  8). 

According  to  the  average  volume  of  the  oocyte  and  the  per- 
centage of  the  gonadal  volume  occupied  by  the  oocytes,  the  total 
fecundity  (total  number  of  oocytes)  ranges  between  58.9()()  and 
641. ()()()  in  females  collected  in  May.  and  between  33.245  and 
361.000  in  feinales  collected  in  August  and  September  (Table  6). 

DISCUSSION 

Sex-ratio  and  Size  of  Maturity 

According  to  our  data,  the  sex-ratio  of  D.  trunculus  can  be 
considered  1:1,  which  agrees  with  the  observations  of  other  au- 
thors for  this  species  (Lucas  1965.  Moueza  and  Frenkiel-Renault 
1973).  Moueza  and  Frenkiel-Renault  (1973)  report  a  population 
with  sexually  mature  individuals  as  small  as  8  mm.  but  the  si/e  ol 
sexual  maturity  (size  at  which  50%  of  the  individuals  could  be 
sexed,  no  precisions  given  on  number  of  examined  individuals)  for 
this  species  in  Algeria  was  16  mm. 

On  the  coast  of  Malaga,  the  smallest  specimen  with  differen- 
tiated sex  was  a  male  1 1.5  inm  long,  and  was  observed  in  October 
as  an  isolated  specimen.  Above  this  size,  we  could  identify  the  sex 
of  more  than  50%  of  specimens  available,  but  always  with  low 
figures,  so  we  consider  the  size  for  sexual  maturity  of  16  mm.  as 
proposed  by  Moueza  and  Frenkiel-Renault  ( 1973).  On  the  Atlantic 
coast  of  Spain,  the  smallest  specimens  in  which  developed  gonads 
could  be  seen  was  20  mm  long  (Maze  1987).  There  is  thus  an 
important  difference  in  the  size  where  mature  gonads  can  be  ob- 
served, between  the  Atlantic  and  Mediterranean  coast. 
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TABLE  4. 

Uunax  tninciiliis.  Gonad  de\el<)pmenlal  stages  throughout  a  year.  M:  males:  F:  females;  I:  indeterminate  specimens;  N:  number  of 

observations  including  indeterminate  specimens. 
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Extension  of  the  Reproductive  Cycle 

The  reason  for  the  long  duration  of  the  reproductive  cycle,  from 
February  to  October,  may  be  that  the  levels  of  chlorophyll  a  are 
relatively  high  because  of  upwellings  (Fig.  4)  compared  with  the 
average  in  the  Mediterranean,  (Rodriguez  1982).  This,  together 
with  the  occurrence  of  a  peak  of  chlorophyll  a  in  November,  may 
favor  a  longer  reproductive  period  for  some  individuals. 

Moueza  and  Frenkiel-Renault  ( 1973)  report  for  Algeria  a  rest- 
ing period  from  November  to  January,  during  which  I009(-  of  the 
population  is  macroscopically  indifferentiated.  Ansell  and  Bodoy 
(1979)  indicate  a  resting  period  from  October  to  January  in  Ca- 
margue  (French  Meditenanean  coast).  In  this  case,  the  annual 
cycle  of  chlorophyll  a  is  similar  to  that  of  Malaga,  but  the  amounts 
are  lower  and  never  exceed  2  (xg/L;  this  limited  resource  may  not 
allow  a  very  long  cycle.  There  is  a  remarkable  similarity  of  the 
temperature  curves  at  both  sites,  and  also  of  the  chlorophyll  a 
profile  notwithstanding  the  lower  levels.  Our  data  contrast  with 
those  of  Lucas  ( 1965).  who  indicates  for  Finistere  (Western  Brit- 
tany, at  the  Northern  limit  of  the  species)  a  relatively  short  repro- 
ductive cycle  with  maximum  sexual  maturity  in  May  to  June. 

On  the  Spanish  Atlantic  coast  (Maze  1987).  the  reproductive 
cycle  resembles  that  of  the  coast  of  Malaga  in  having  100%  of 
individuals  indifferentiated  in  Januarv'.  whereas  during  the  remain- 


der of  the  year  the  percentage  of  active  individuals  varies  from 
\Q%  to  100'^;  there  is  nevertheless  a  greater  number  of  specimens 
macroscopically  indifferentiated  compared  with  our  data,  taking 
into  account  that  the  Atlantic  coast  data  are  based  on  individuals 
larger  than  20  mm. 

On  the  Atlantic  coast  of  Morocco.  Bayed  (1990)  indicates  a 
resting  period  from  August  to  December  for  D.  trunculus.  which 
cannot  be  explained  by  the  water  temperature  profile,  which  is 
quite  similar  to  that  of  Malaga.  The  chlorophyll  a  levels  were  not 
recorded  but  should  be  investigated  as  a  possible  controlling  fac- 
tor. 

Variation  in  Flesh  Dry  Weight 

The  data  for  the  variation  of  flesh  dry  weight  in  a  standard 
individual  of  25  mm  are  rather  similar  with  those  of  Ansell  and 
Bodoy  (1979)  for  the  French  Mediterranean  coast.  The  period  of 
sexual  activity  is  also  in  accordance  with  that  found  by  Ansell  et 
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Figure  5.  Relative  frequency  of  different  stages  of  development  of  the 
gonads  in  D.  trunculus. 


Figure  6.  O.  trunculus.  Coexistence  of  different  stages  of  development 
in  the  same  gonad.  A,  active  stage;  S.  spawning  stage;  PS,  postactive 
stage.  Bars,  50  pm. 
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TABLE  5. 

Averages  sizes  in  pni  of  the  oocytes  in  active  females  of  D.  tiiinculiis  by  size  classes  (Size  CI).  D.  max:  maximum  diameter;  D.  min: 

minimum  diameter;  N:  number  of  oocytes  measured. 


Sp. 

Size  CI. 

L 

Date 

Dmax 

Std  Dev 

Dmin 

Std  Dev 

N 

1 

1.S4 

12  My 

63.27 

5.56 

43.92 

5.58 

37 

2 

1.95 

8Ag 

70.69 

42.5(1 

2 

3 

2.01 

12  My 

71.32 

13.13 

41.33 

9.80 

366 

4 

Ill 

2.1.^ 

18  Ag 

71.12 

11.75 

38.27 

10.37 

46 

5 

111 

2.1.^ 

18  Ag 

62.78 

10.63 

35.52 

6.94 

191 

6 

III 

2.16 

18  Ag 

64.61 

13.03 

39.22 

15.29 

24 

7 

III 

2.20 

12  My 

80.18 

14.39 

50.78 

18.19 

255 

8 

III 

")  -}2 

18  Sp 

62.89 

9.61 

37.49 

5.15 

72 

9 

III 

2.26 

12  My 

69.62 

11.42 

40.42 

9.99 

211 

10 

VI 

2.77 

21  Ab 

64.21 

8.84 

40.24 

5.36 

358 

11 

VII 

2.80 

18  Ag 

65.44 

11.03 

38.98 

10.80 

42 

12 

VII 

2.84 

12  My 

69.72 

6.67 

46.11 

5.53 

34 

13 

VII 

2.84 

12  Ag 

68.04 

9.51 

43.61 

6.09 

92 

14 

VII 

2.85 

18  Ag 

66.63 

9.66 

42.93 

5.50 

86 

15 

VII 

2.87 

12  My 

68.61 

8.88 

42.24 

3.95 

35 

16 

X 

3.00 

I4JI 

65.84 

8.79 

39.80 

5.08 

160 

17 

X 

3.62 

18  Ag 

65.83 

13.24 

39,48 

8.40 

361 

Average 

67.69 

41,34 

T.  number 

2372 

al.  (I'JSOl  in  Azur  Plage  (Algeria)  for  a  standard  individual  25.6 
mm  long,  but  an  increase  of  dry  weight  in  November  and  Decem- 
ber was  not  observed.  The  authors  suggest  that  populations  in  such 
latitudes  do  not  store  reserves  as  they  do  in  more  northern  areas. 
Our  data  also  essentially  agree  with  those  regarding  a  standard 
individual  of  20  mm  on  the  Atlantic  coast  of  Morocco  (Bayed 
1990).  notwithstanding  a  sharp  decrease  between  April  and  June. 
The  most  extreme  differences  are  noted  on  the  coast  of  Israel,  for 
a  standard  individual  of  30  mm  (Neuberger-Cywiak  et  al.  1990). 
These  authors  observe  a  single  sharp  decrease  of  dry  weight  in 


August,  presumably  related  to  spawning,  and  do  not  note  any 
reserve  storage  at  the  end  of  the  cycle.  A  small  decrease  in  May 
can  be  observed  on  their  graph,  but  was  not  interpreted  in  terms  of 
gamete  release. 

Histological  Evidence  For  the  Gametogenic  Cycle 

The  results  derived  from  the  histological  study  on  the  gameto- 
genic cycle  of  D.  tninculKs  in  our  area  differ  from  those  obtained 


TABLE  6. 

Uonux  Iruiiculus.  Volume  of  gonad  and  visceral  mass,  percentage  of  the  visceral  volume  occupied  by  gonad  and  production  of  active 

females,  according  to  size  of  the  individuals  and  the  date  and  length.  L:  length  of  the  shell  (cm);  H:  height  of  the  shell  (cm);  Vvm:  volume  of 

the  visceral  mass  (mm');  Vg;  volume  of  the  gonad  (mm');  '7cG:  percentage  of  the  visceral  volume  occupied  by  the  gonad;  N.  ooc:  number  of 

oocytes  in  a  standard  area;  %  ooc:  percentage  of  the  gonad  occupied  by  oocytes;  Vt  ooc:  total  volume  occupied  by  the  oocytes  (mm')  and 

Nt:  total  number  of  oocytes  in  the  gonad. 


Sp 


Date 


Vvm 


Vg  (mm') 


•7r  G 


No  ooc 


'^  ooc 


Vt  ooc 


Nt 


1 

1.84 

2 

1.95 

3 

2.01 

4 

2.13 

5 

2.13 

6 

2.16 

7 

2.20 

8 

0    T) 

9 

2.26 

10 

2.27 

II 

2.80 

12 

2.84 

13 

2.84 

14 

2.85 

15 

2.87 

16 

3,00 

17 

3,62 

1,2 


06 

12  My 

93.64 

27.027 

28.86 

97.57 

13.12 

3.55 

58899.84 

10 

8Ag 

127.78 

17.148 

13.42 

94.12 

17.58 

3.02 

50096.86 

10 

12  My 

126.81 

56.496 

44.55 

116.50 

I5,6fi 

8.85 

147008. 89 

23 

18  Ag 

1 58.55 

40.434 

25.50 

90.65 

12,19 

4.93 

81868.06 

19 

18  Ag 

153.54 

36.998 

24.10 

113.28 

15,23 

5.64 

93611.99 

20 

18  Ag 

140.43 

22.816 

16.25 

84.83 

11,41 

2.60 

43230.37 

21 

12  My 

178.62 

66.101 

37.00 

107.56 

14,46 

9.56 

158803.03 

29 

18  Sp 

150.68 

20.709 

13.74 

71.88 

9.66 

2.00 

33245.81 

24 

12  My 

208.61 

67.645 

32.43 

108.54 

20.28 

13.72 

227898,05 

24 

8Sp 

177.96 

45.553 

25.60 

101.59 

13.66 

6.22 

103363.67 

55 

18  Ag 

375.8 

83.653 

22.26 

114.76 

15.43 

12.91 

214423.33 

55 

12  Ag 

469.83 

172.734 

36.76 

93.58 

12.58 

21.74 

361044.60 

47 

12  My 

457.09 

235.211 

51.46 

122.05 

16.41 

38.60 

641202.78 

55 

18  Ag 

298.72 

86.138 

28.84 

99.36 

1 3.36 

11.51 

191164.11 

52 

12  My 

302.24 

131.258 

43.43 

120.75 

16.24 

21.31 

354007.86 

61 

14  Jl 

352.67 

82.137 

23.29 

112.96 

15.19 

12.48 

207235.19 

91 

18  Ag 

375.88 

129.857 

.M.55 

87.76 

11.80 

15.32 

254543.47 

1.52 
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elsewhere.  t)n  ihe  Allantie  coast  of  Morocco  (Bayed  1990).  the 
resting  period  ol  /).  inincitlus  extends  from  August  to  November, 
and  that  of  acti\ity  from  December  to  July.  The  highest  percentage 
of  specimens  with  totally  ripe  gonads  and  spawning  was  in  May. 
There  are  several  major  differences  in  the  cycle  between  these  two 
areas.  First,  along  the  coast  of  Malaga  there  is  no  month  where  the 
entire  population  was  in  cytolized  stage  and  where  the  sex  could 
not  be  determined.  In  Morocco,  the  spawning  period  begins  in 
March  and  ends  in  June,  more  restricted  than  in  Malaga.  At  the 
time  where  the  species  is  in  resting  period  in  Morocco,  a  great 
proportion  of  specimens  m  our  area  continue  in  active  stage  and 
spawning  and  then  rest  in  an  attenuated  preactive  stage.  Generally, 
the  Moroccan  population  has  a  more  synchronous  gametogenic 
cycle  than  ours.  The  only  coincident  datuin  with  Malaga  is  the 
peak  of  spawning  in  May. 

On  the  Mediterranean  coast  of  Israel.  Neuberger-Cywiak  et  al. 
( 19901  studied  the  gametogenic  cycle  of  D.  trunculus  considering 
the  different  stages  of  maturation  of  the  gonad  with  respect  to  the 
different  diameter  of  oocytes.  Their  results  indicate  a  maturation  of 
the  gonad  from  January  to  August,  with  a  spawning  peak  in  Au- 
gust. They  did  not  report  a  separate  spawning  in  May.  but  a  limited 
spawning  at  that  time  cannot  be  ruled  out  according  to  their  data  on 
flesh  dry  weight. 

Among  the  few  histological  studies  of  the  gametogenic  cycle  of 
D.  trunculus  (Bayed  1990.  Neuberger-Cywiak  et  al.  1990).  none 
mention  the  coexistence  of  distinct  maturation  stages  within  the 
same  gonad.  Such  coincidence  was  reported  in  D.  serra  on  the 
South  African  coast  by  De  Villiers  (1975),  and  for  Tapes  rhom- 
boides  Pennant.  1777  (Morvan  and  Ansell  1988).  Unlike  in  our 
study,  neither  author  mentioned  of  a  second  gamete  release  by  the 
same  indi\idual.  In  the  case  of  £).  trunculus.  as  in  D.  serra.  there 
is  a  direct  transformation  from  a  postactive  stage  to  a  renewed 
preactive  or  active  ones,  without  the  intermediate  step  of  a  cy- 
tolized stage. 


Feciiiidily 

The  image  analysis  has  shown  that  the  oocyte  of  D.  trunculus 
is  an  ellipsoid  (Table  5)  whereas  it  is  spherical  in  others  studied 
species,  such  as  Tapes  rhomhoides  or  Geukensia  demissa 
(Dillwyn.  1817)  with  diameter  ranges  between  40  and  45  jxm  and 
44.99  and  46.04  |j.m,  respectively  (Morvan  and  Ansell  1988.  Hef- 
feman  and  Walker  1989b). 

The  ratio  of  gonadal  volume  to  visceral  mass  is  very  low  in  T. 
rhomhoides.  with  a  maximum  of  19.72%  in  July  and  11.18%  in 
September,  the  spawning  periods  (Morvan  and  Ansell  1988).  In  G. 
demissa.  this  percentage  reaches  57.8%  in  females  during  the  spawn- 
ing period  in  August  (Heffeman  and  Walker  1989b).  which  is  more 
similar  to  our  findings  for  the  major  spawning  in  May  (Fig.  7). 

The  percentage  of  the  gonadal  volume  occupied  by  oocytes  in 
C.  demissa  reaches  33.3%'  during  the  spawning  period.  This  per- 
centage is  lower  in  D.  trunculus  (maximum  of  20.28%  in  May,  less 
for  the  second  peak  in  August  to  September;  Fig.  7). 

According  to  Morvan  and  Ansell  (1988)  the  total  number  of 
oocytes  in  T.  rhomhaides  ranges  between  3.000  and  700.000  for 
females  35—45  mm  long.  This  production  is  higher  in  D.  trunculus. 
in  which  the  total  number  of  oocytes  ranges  between  33,245  and 
641.000,  for  females  of  18.2-36.2  mm  long,  if  we  consider  the 
smaller  sizes  of  the  individuals  of  the  latter  species. 

CONCLUSION 

The  main  practical  outcome  of  this  study  is  that  a  close  of 
season  is  desirable  for  D.  trunculus.  We  have  demonstrated  a  very 
extensive  reproductive  cycle  with  a  major  spawning  period  in  May 
and  another  more  limited  one  in  August  through  September.  Ac- 
cording to  these  data,  a  closed  season  from  April  to  June  would 
protect  most  of  the  reproductive  activity  of  the  species  in  the 
littoral  of  Malaga,  and  leave  the  resource  available  during  the 
Summer  months,  which  are  high  touristic  season. 
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Figure  7.  Percentage  of  the  visceral  mass  volume  occupied  by  the 
gonad  of  Donax  trunculus,  according  to  size  of  the  females  and  date  of 
sampling.  Open  circles:  May,  first  spawning:  Black  symbols:  second 
spawning  (triangles,  July;  rhombs,  August;  squares,  September), 
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Figure  8.  Percentage  of  the  gonadal  volume  occupied  by  the  oocytes  of 
Donax  trunculus.  according  to  size  of  the  females  and  date  of  spawn- 
ing. Open  circles:  .May,  first  spawning;  Black  symbols:  second  spawn- 
ing (triangles,  July;  rhombs,  August;  squares,  September), 
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ABSTRACT  Broadly  defined,  biological  control  is  the  use  of  one  species  for  the  suppression  of  another.  Two  groups  of  organisms 
have  potential  as  Dreisseiui  control  agents:  selectively  toxic  microbes  and  natural  enemies.  Selectively  to,\ic  microbes  are  naturally 
occurring  soil  and  water  microorganisms  that  simply  by  chance  happen  to  be  toxic  to  Dreisseiia.  Applied  at  artificially  high  densities 
to  water,  the  microbial  cells  i>er  se  or  their  released  metabolites  are  selectively  lethal  to  Dreisscna.  In  contrast,  natural  enemies  are 
organisms  that,  by  their  evolutionary  nature,  will  debilitate  or  kill  Dreissena.  including  predators,  parasites  (both  multicellular  and 
microbial),  and  benthic  competitors  (organisms  capable  of  competitively  displacing  Dreissena  from  substrates). 

Selectively  Toxic  Microbes:  In  the  short  run,  these  microorganisms  represent  the  most  promising  candidates  as  biological  control 
agents.  The  use  of  highly-specific,  toxic  microbes  has  a  clear  record  of  commercial  success  and  environmental  safety  in  the  control 
of  invertebrate  pests  in  North  America,  and  strains  lethal  to  Dreissena  have  been  already  isolated.  Considering  how  quickly  a 
selectively  toxic  microbe  could  move  from  the  laboratory  to  commercialization,  continued  research  to  develop  this  microbial  control 
strategy  is  a  high  priority. 

Naniral  Enemies:  In  North  America,  as  in  Eurasia,  there  will  likely  be  isolated  field  reports  of  major  impacts  by  natural  enemies, 
and,  on  the  whole,  we  will  likely  see  a  cumulative  effect  of  a  complex  of  enemies  having  a  constant,  but  limited,  role  in  naturally 
suppressing  Dreissena  populations.  In  the  majority  of  cases,  Dreissena  populations  will  cause  economic  and  ecological  effects  at 
densities  well  below  those  that  their  enemies  could  naturally  maintain.  This  does  not  mean,  however,  that  certain  natural  enemies  could 
not  be  artificially  manipulated  (e,g.,  mass  produced  and  released  in  an  inundative  fashion)  to  cause  major  Dreissena  reductions, 

1.  Parasites:  These  natural  enemies  would  likely  be  the  most  environmentally-safe  biocontrol  agents,  due  primarily  to  their  high  host 
specificity.  Comprehensive  investigations  to  identify  parasites  that  are  strictly  specific  to  Dreissena  and  that  can  be  economically 
mass  produced  are  a  key  research  priority.  Parasites  from  Dreissena\  native  Eurasian  range  should  be  studied  to  identify  species 
that  would  be  "nearly  risk  free""  candidates  for  importation  into  North  America.  Research  to  uncover  parasites  of  Dreissena  that 
are  already  present  in  North  America  should  be  intensified. 

2.  Predators:  Although  organisms,  such  as  fish  and  birds,  have  sometimes  been  documented  to  consume  Dreissena  at  high  rates,  this 
does  not  necessarily  mean  that  they  would  be  effective  candidates  for  use  in  control  programs.  Predators  are  typically  not  specific 
enough  in  their  prey  choices.  A  predator  introduced  to  a  waterbody  from  outside  its  natural  range  may  highly  prefer  Dreissena  as 
a  prey  item,  but  will  also  consume  other  aquatic  organisms.  The  consumption  of  such  nontarget  prey  could  potentially  have  serious, 
adverse,  ecological  impacts. 

3.  Benthic  Competitors:  In  addition  to  being  micro/macrofouling  organisms  themselves,  the  lack  of  specificity  of  species  that  can 
competitively  displace  Dreissena  from  substrates  (e.g..  sponges)  significantly  reduces  their  potential  as  biocontrol  agents. 

KEY  WORDS:  Zebra  mussels,  quagga  mussels,  selectively  toxic  microorganisms,  natural  enemies,  predators,  parasites,  benthic 
competitors 

INTRODUCTION  In  open  waters,  Dreissena  has  also  caused  significant  ecologi- 
cal impacts,  including  increased  transparency,  decreased  seston. 

The  introduction  of  zebra  mussels,  Dreissena  polymorpha.  and  decreased  chlorophyll,  decreased  primary  phytoplankton  produc- 

quagga  mussels.  Dreissena  hugensis.  into  North  America  just  over  tivity.  increased  macrophytes,  increased  native  bivalve  mortality, 

a  decade  ago  and  their  spread  through  inland  waters  have  resulted  and  restructured  benthic  communities  (Maclsaac  1996,  Karatayev 

in  a  variety  of  serious,  adverse  impacts.  Because  of  their  ability  to  et  al.  1997). 

colonize  hard  substrates,  these  mussels  can  be  a  major  macrofouler  People  sometimes  speak  of  the  quest  for  the  "silver  bullet"  for 

for  raw  water-dependent  infrastructures,  causing  damage  and  in-  Dreissena  control — a  single,  economical,  environmentally-safe, 

creased  operating  expenses  worth  hundreds  of  millions  of  dollars  and  effective  control  method.  Of  course,  this  is  unrealistic  since  no 

(O'Neill  1996.  O'Neill  1997).  The  following  passage  provides  an  single  control  method  will  be  the  practical  solution  in  all  situations, 

overview  of  the  types  of  problems  encountered  in  raw  water  sys-  Solving  Dreissena  problems  requires  implementation  of  a  wide 

tems  (U.S.  Army  Engineer  Waterways  Experiment  Station  1995):  range  of  integrated  pest  management  strategies.  A  variety  of  ap- 
proaches (e.g.,  filtration,  mechanical  cleaning,  coatings,  selective 

""Zebra  mussels  could  render  inoperable  miter  gates  on  pesticides,  etc.)  must  be  used  separately  and  in  combination  to 

locks,  fire  prevention  systems reservoir  release  struc-  achieve  effective  and  environmentally-compatible  control  in  raw 

tures.  navigation  dams,  pumping  stations,  water-intake  water-dependent  infrastructures  (Claudi  and  Mackie  1994).  The 

structures,  dredges,  and  commercial  and  recreational  ves-  .  ,            ru-   i      ■     i              i        .u   j    ■     .i.-    •   .        .  j 

,,...,.                .        ,          _  11  1    „  .  potential  use  oi  biological  control  methods  in  this  integrated  pest 

sels.  Materials  and  equipment,  such  as  small-diameter  ^                                    &                                                         b           f 

pipes,  seals,  valves,  gears,  air  vents,  weep  holes,  screens,  management  effon  in  such  infrastructures,  as  well  as  in  open  wa- 

trash  racks,  chains,  pulleys,  and  wire  ropes  are  vulnerable."  ters,  is  the  focus  of  this  paper, 
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ItlOl  ()(;UM.  ( ONIKOI.  APPROACHES 

A  siicccsslul  pest  (.(iiilnil  ihlHIukI  is  o\ic  llial  Is  clli.-cli\c,  al- 
fordable,  and  safe.  Although  broad-spectrum,  synthetic  chemicals 
have  been  the  traditional  approach  to  pest  management,  their  af- 
fects on  human  health  and  the  environment  have  fostered  the  de- 
\elopnient  of  optional  control  approaches.  One  such  alternative  is 
hioloyical  control — a  mctliod  thai  has  proven  lo  be  an  economical 
and  cn\niinnKMitalK  acceptable  tool  in  tlie  integrated  management 
of  many  pest  species  (Oebach  ami  Koscn  l')')l,  Crawley  \992i\. 
Kodgers  IW3). 

Broadly  defined,  biological  coiuiol  is  the  use  of  one  species  for 
the  suppiession  of  anothei .  Two  groups  of  organisms  have  poleiv 
lial  as  Drcissi'iui  coiitml  agents;  selectively  tovic  microbes  and 
natural  enemies. 

Si'leclively  Toxic  Microbes 

These  are  not  parasites  of  Dreissciui.  but  lathct  naturally  oc- 
curring soil  and  water  tnicrobes  that  simply  by  chance  happen  to 
be  toxic  to  DrcisM'ini.  Applied  at  artificially  high  densities  to 
water,  these  microbial  cells  i>cr  sc  or  their  released  metabolites  are 
selccti\el\  lethal  to  Dirissfiui.  Commercial  products  based  on 
such  toxic  miciobes  ha\e  the  potential  to  be  effective  irrespective 
of  whether  they  cotUain  dead  or  li\c  cells  (Gaertner  et  al.  199.^). 

S'dliiriil  h'licinics 

These  arc  oiganisms  that  In  then  e\olutionar\  nature  will  de- 
bilitate or  kill  Pn'isscrhi.  including  predators,  parasites  (both  mul- 
ticellular and  microbial),  and  bciuhic  competitors  (i.e.,  organisms 
capable  of  compelitixely  displacing  Piriwciui  from  substrates). 
The  vast  majority  oi  species  that  are  natural  enemies  in  Eurasia  are 
not  present  in  North  America,  but  ecologically  similar  organisms 
do  exist.  particularl>  among  the  predators  (MoUoy  et  al.  1997). 
Drcissemi  is  a  novel  and  abumlant  organism  for  these  North 
American  species,  and  the\  ha\c  become  the  new  natural  enemies 
of  Drcissi'iia. 

SELECTIX  KI.V  TOXIC  MICROBES 

Why  would  one  look  to  naturally  occuning,  nonparasitic  mi- 
crobes as  a  no\el  strategy  for  Dirixscmi  management?  It  is  widely 
accepted  that  screening  of  the  diverse  biochemicals  found  in  tropi- 
cal plant  species  is  a  wDithwhilc  acti\it\  because  of  the  discoxers 
of  drugs  that  can  picxciit  or  cure  animal  diseases,  particularly 
cancers.  Production  of  these  biochemicals,  however,  did  not 
e\(il\e  in  these  plants  for  this  purpose,  and  the  effect  of  these  plant 
substances  on  animal  diseases  is  purely  coincidental.  Using  the 
same  logic,  we  can  also  look  to  microorganisms  for  unique  bio- 
chemicals that  h.i\e  poteiui.il  as  highly  selectne  pesticides.  The 
use  of  selectively  toxic  miciobes  has  a  clear  record  of  commercial 
success  and  environmental  safely  in  the  control  of  invertebrate 
pests  in  North  America,  as  well  as  globally.  Sales  of  the  selectixely 
toxic  bacterium  Hucilliis  iliiiriiifiicnsis  for  insect  control  represent 
over  90<7f  of  the  cuirenl  international  biocontrol  market  (Rodgers 
199.^).  Indixidual  subspecies  of  «.  tliiiniii;ii'iisis  are  highly  specific 
to  targeted  pests.  The  use  of  one  subspecies,  B.  iliiiniii;icnsis  is- 
raelensis  (Bii).  has  become  the  most  en\ironmentally-safe  and 
effective  method  ever  developed  for  the  control  of  two  aquatic 
invertebrate  pests — blacktlies  (Sinuiliidae)  and  mosquitoes  (Culi- 
cidae)  (Molloy  1990.  Hntwistle  et  al.  199.^).  The  toxic  activity  of 
Bli  to  blacktly  and  mosquito  larvae  is  caused  by  particulate,  pro- 


teinaceous  crvstals  that  are  lormed  during  bacterial  sporulation. 
lili.  although  a  highh  lelhal  bacterium  lo  lai\al  blacktlies  and 
mosquitoes,  does  not  kill  them  in  nature  because  it  is  very  rare. 
Applied  at  artificially  high  densities  to  waters  in  which  these  lly 
larvae  live,  however,  these  filter-feeding  invertebrates  concentrate 
the  bacterial  protein  particles  from  the  water  column  and  typically 
die  w  ithiii  24  h  Like  chemical  pesticides,  Bti  and  other  selectively 
toxic  microbes  give  only  short-term  control  and  require  periodic 
icappllcatlon.  In  stark  contrast  to  chemical  pesticides,  however, 
selectively  toxic  microbes  pose  no  problems  w  Ith  biomagnification 
of  any  toxic  residues  along  the  food  chain  and  are  significantly 
more  dillicull  lor  pests  to  develop  resistance  to. 

In  North  American  blacklly  control  programs,  chemical  pesti- 
cides have  been  essentially  replaced  by  Bti.  as  for  example,  in  the 
Adirondack  Mountains  of  New  York  Stale,  where  Bti  is  annually 
applied  to  streams  and  rivers  in  over  .\()0()  knr.  The  Stale  of 
Pennsylvania  has  the  largest  North  American  B/Z-blacklly  control 
piogram.  with  an  annual  operational  budget  of  ca.  4  million  dollars 
(D.  Arbogast,  pers.  comm.).  Both  Dirissi'iia  and  lar\al  blackllies 
are  lotic,  filter-feeding  invertebrates,  and  thus,  the  protocols  for  the 
control  of  Drcissemi  with  selectively  toxic  microbes  could  some- 
day be  adapted  from  those  currently  used  for  blackfly  control  with 
Bti. 

Lliireliablc  and  inconsistent  perlormance  of  biological  control 
agents  has  often  resulted  from  insufficient  knowledge  of  the  pa- 
rameters affecting  their  performance,  including  both  environmen- 
tal (e.g.,  pH,  temperature,  etc)  and  ecological  (e.g..  relative  sus- 
ceptibility of  pest  life  stages)  variables.  In  this  regard,  the  relative 
inseiisitis  itv  ot  toxic-microbe  preparations  to  these  variables  has 
been  one  ot  the  keys  to  their  commercial  success  (Rodgers  1993). 
Bti  applications,  for  cvample,  are  capable  of  killing  blackflies  of 
all  lar\al  inslars  and  at  all  water  temperature  and  pH  values. 

L'se  of  selectively  toxic  microbes  is  a  small,  but  grov\  ing,  por- 
tion of  the  pest  control  business.  Sales  of  biocontrol  agents  (pri- 
marily selectively  toxic  microbes)  account  for  about  19^  ($120 
million)  of  all  global  pesticide  sales  (Powell  199.^),  but  are  annu- 
all>  increasing  at  a  rale  o\'  10-259^,  whereas  the  world  chemical 
pesticide  market  is  static-to-shrinking  (Rodgers  199.^).  One  major 
reason  is  the  relatively  high  expen.se  of  a  chemical  pesticide's 
research  and  development.  Due  primarily  to  the  costs  of  nontarget 
safely  testing,  the  average  budget  of  bringing  a  single  chemical 
pesticide  lo  market  is  about  $20— fO  million  (MaiTone  and  Macin- 
tosh 199.^)  versus  $2  million  (Rodgers  199.^)  for  a  biocontrol 
agent.  Thus,  the  relatncb  low  cost  of  biocontrol  research  and 
development  is  a  plus  lor  commercial  development. 

Shortly  after  the  discover)  of  Drcissciui  in  North  America,  it 
was  hypothesi/ed  that  microorganisms  existed  in  nature  that  could 
be  selectively  toxic  to  this  new  bi\al\e  invader  (Molloy  1991). 
Over  the  last  8  years,  several  North  American  laboratories  have 
been  actively  involved  in  the  screening  of  hundreds  of  microor- 
ganisms (primarilv  bacteria)  to  find  strains  useful  for  nrcissciiu 
control.  Gu  et  al.  ( 1997)  have  explored  the  Incoiporation  of  selec- 
tively toxic  bacterial  metabolites  into  coatings  to  deter  attachment. 
Other  North  ,\meriean  scientists  have  focused  more  on  applying 
such  bacteria  diiectly  to  water  for  Dreis.scna  control  (Molloy  and 
Griffin  1992,  Singer  et  al.  1997,  Genthner  et  al.  1997).  In  this 
regard,  recent  trials  with  bacterial  strain  CLOU.'iA,  an  isolate  from 
a  North  American  river,  have  been  parlicularlv  encouraging  (Mol- 
loy, unpublished  data).  Treatment  of  Pni.Kscna  with  strain 
CL014.S.\  loutinelv  achieved  Stl-lOC;;  kill  in  the  laboratorv,  vet 
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without  any  iiiorluliI>  in  uiiiDiud  mussels.  To  lest  tor  ticld  ctTec- 
tiveness,  a  small-scale  trial  was  conducted  under  once-through 
conditions  within  a  hvdroelectric  station  on  the  Mohawk  Ri\er  in 
New  York  State.  This  trial  achieved  a  '■H'/'i  kill  and  represented  the 
first,  successful  demonstration  of  the  feasibility  of  using  a  biologi- 
cal agent  for  Dieissena  control  within  a  raw-water  dependent  in- 
frastructure. As  a  result  of  these  successful  laboratory  and  field 
trials,  a  patent  application  for  the  use  of  strain  CLOU.'iA  has  been 
filed.  Because  of  the  commercial  success  of  using  selectively  toxic 
microbes  for  the  environmentally  safe  control  of  other  inverte- 
brates, the  potential  of  this  approach  for  Dreissciw  control  should 
not  be  underestimated. 

NATURAL  KNEMIES 

Predators,  parasites,  and  benthic  competitors  are  well  docu- 
mented for  Dreissena.  In  their  review  of  the  international  literature 
on  natural  enemies  of  Dieissena.  Molloy  et  al.  (1997)  cited  176 
species  involved  in  predation,  .■^4  in  parasitism,  and  10  in  com- 
petitive exclusion  of  Dreissena.  As  Dreissena  increases  its  geo- 
graphical range  in  North  America,  the  number  of  species  that  can 
be  listed  as  natural  enemies  will  constantly  increase  as  organisms 
make  their  initial  contact  with  Dreissena:  this  will  be  particularly 
true  for  molluscivores. 

Natural  enemies  in  North  America,  particularly  predators,  un- 
doubtedly are  exerting  a  suppressive  influence  on  Dreissena  popu- 
lation densities,  but  to  what  extent  is  unclear.  While  seasonal  and 
localized  reductions  of  Dreissena  densities  by  natural  enemies 
have  been  documented,  the  high  recruitment  rate  typical  of 
Dreissena  populations  inherently  makes  them  very  difficult  for 
natural  enemies  to  control  over  the  long  term.  One  theory  holds 
that  Dreissena.  bemg  a  nonmdigenous  pest,  quickly  reached  high 
population  densities  in  the  Great  Lakes  and  elsewhere  primarily 
because  of  the  absence  of  an  established  natural  enemy  complex. 
The  ability  of  natural  enemies  to  regulate  prey  populations,  how- 
ever, depends  on  the  prey"s  rate  of  increase.  If  the  net  rate  of 
increase  is  too  great,  then  the  prey  population  can  escape  control. 
No  matter  what  functional  and  numerical  responses  are  mounted 
by  natural  enemies,  they  simple  cannot  keep  up  with  prey  repro- 
duction (Crawley  1992b).  Molloy  et  al.  (1997)  concluded  that  in 
North  America,  as  in  Eurasia,  there  will  likely  be  isolated  reports 
of  major  impacts  by  natural  enemies,  and  on  the  whole,  we  will 
likely  see  a  cumulative  effect  of  a  complex  of  enemies  having  a 
constant,  but  limited,  role  in  suppressing  Dreissena  populations. 

The  classical  biological  control  approach  involves  the  release 
of  a  nonindigenous  pest's  imported  natural  enemy  and  assumes 
that  this  natural  enemy  will  proliferate  on  its  own  and,  in  the  long 
term,  lower  pest  densities  to  levels  below  economic  and/or  eco- 
logical thresholds  (Debach  and  Rosen  1991 ).  Such  a  classical  ap- 
proach is  not  likely  to  work  for  the  control  of  Dreissena  in  North 
America.  This  approach  certainly  has  a  successful  track  record  for 
other  nonindigenous  pests  (both  animals  and  plants) — specifically 
those  which  have  little  to  no  adverse  ecological  or  economic  im- 
pact in  their  native  range  since  their  densities  there  are  kept  "low" 
by  their  natural  enemy  complex.  Evidence  to  date  suggests  that  this 
is  not  the  case  with  Dreissena  spp.  in  their  Eurasian  range.  Be- 
cause of  the  relative  lack  of  "complaints"  from  overseas  raw- 
water  users  about  Dreissena  problems,  there  is  a  misconception 
among  North  Americans  that  Dreissena  densities  are  naturally 
"low"  in  Eurasia.  This  is  not  the  case.  Complaints  about  Dreis- 


sena are  infrequent  in  Eurasia  because  raw-water  users  have  had 
over  a  century  to  find  solutions  to  these  macrofouling  bivalves.  In 
reality,  Dreissena  population  dynamics,  densities,  and  biomass  in 
Eurasian  watcrbodies  are  far  more  similar  to  those  in  North  Ameri- 
can waters  than  generally  thought.  Like  in  North  America,  when 
introduced  into  European  freshwatcrs,  is  not  unusual  for  Drei.s-.wna 
to  become  enormously  abundant  in  a  short  time,  obtaining  a  bio- 
mass 10  times  greater  than  that  of  all  other  native  benthic  inver- 
tebrates (Karatayev  et  al,  1997).  Thus,  in  the  vast  majority  of 
Eurasian  waterbodies,  it  does  not  appear  that  Dreissena' s  natural 
enemies  keep  their  densities  low  enough  to  avoid  ecological  or 
industrial  problems.  Thus,  until  a  natural  enemy  can  be  identified 
from  Eurasia  that  naturally  suppresses  Dreissena  populations  to 
levels  below  economic  or  ecological  impact  thresholds,  it  would 
not  be  worthwhile  to  attempt  a  classical  biocontrol  release  in  North 
America,  The  question  remains,  however,  as  to  whether  certain 
natural  enemies  could,  both  in  Europe  and  North  America,  be 
artifuially  manipiilaled  to  give  satisfactory  control  of  Dreissena. 
This  will  be  discussed  below  for  each  type  of  natural  enemy. 

I'reddtiirs 

What  types  of  organisms  prey  on  Dreis.sena'.'  Comhmn^  North 
American  and  Eurasian  records,  birds  (.36  species)  and  fish  (1.5 
species  eating  veligers  and  38  species  eating  attached  mussels) 
have  been  the  most  commonly  reported  predators  (Molloy  et  al. 
1997).  The  number  of  fish  and  bird  species  that  have  been  docu- 
mented as  predators  can  be  misleading,  however,  since  most  lit- 
erature references  contain  records  of  only  occasionally  finding  a 
few  Dreissena  in  the  stomachs  of  the  predators  listed.  Records  of 
field-documented  predation  al.so  include  copepod  and  coclenterate 
consumption  of  pelagic  larvae,  and  observations  of  leeches,  crabs, 
crayfish,  and  mammals  eating  attached  mussels  (Molloy  et  al. 
1997). 

Birds  have  been  the  mo.st  intensively  studied  natural  enemies  of 
Dreissena  (Molloy  et  al.  1997).  Consumption  of  attached  Dreis- 
sena has  been  recorded  for  at  least  21  species  in  Eurasia  and  20  in 
North  America.  Only  five  species — Greater  Scaup'  {Aytliya  ma- 
rila),  Goldeneye  (Bucephala  clangula).  Oldsquaw  (Ctanguta  hye- 
nialis).  Herring  Gull  (Lams  argentaliis).  and  White-Winged  Scoter 
[Melaniua  fiisca) — have  been  observed  eating  Dreissena  both  in 
Eurasia  and  North  America.  Five  diving  ducks — Tufted  Duck  {Ay- 
tliya  fuliguta),  Pt)chard  (Aythya  ferina).  Greater  Scaup  (Aythya 
niarila).  Lesser  Scaup  (Aythya  ajfinis),  and  Goldeneye  (fl.  elan- 
giila) — and  one  diving-rail,  the  Coot  (Fulica  atra).  are  the  most 
well  documented  avian  predators  of  Dreissena  (Molloy  et  al. 
1997). 

Molloy  et  al.  (1997)  indicated  that  10  Eurasian  and  5  North 
American  fi.sh  species  within  five  families  have  been  field- 
documented  as  containing  planktonic  Dreissena  larvae  in  their 
alimentary  tracts:  Cyprinidae  (7  species).  Clupeidae  (3  species), 
Osmeridae  (2  species).  Percidae  (2  species),  and  Percichthyidae  (1 
species).  Consumption  of  Dreissena  attached  to  substrates  has 
been  recorded  for  at  least  13  fish  families,  including  14  species 
within    10  families  in   North  America  and  27  species  within  9 


'Common  names  of  individual  bird  species  are  capitali/cii  in  this  paper  as 
is  the  traditional  practice  in  scientific  literature. 
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families  in  Eurasia.  Only  three  species — the  common  carp  {Cyp- 
riiiiis  carpio),  punipkinseed  (Lepomis  gihhosus),  and  round  goby 
{Neogobiiis  melaiwstomiis) — have  been  field-documented  as 
predators  on  both  continents.  Another  13  North  American  fish 
species  have  been  mentioned  in  the  literature  as  potential  preda- 
tors, based  primarily  on  their  documented  feeding  on  other  bivalve 
species  in  the  field  (Molloy  et  al.  1997). 

Although  predators,  particularly  fish  and  birds,  have  been 
documented  on  occasion  to  consume  Dieissena  at  high  rates  (Mol- 
loy et  al.  1997).  this  does  not  necessarily  mean  that  they  would  be 
effective  biocontrol  agents.  Practical  constraints  and  ecological 
considerations  are  essential  to  implementation  of  a  successful  bio- 
control project.  Past  biocontrol  failures  have  made  it  very  clear  that 
extreme  care  must  be  exercised  not  to  introduce  a  natural  enemy 
that  is  not  relatively  host  specific.  In  this  regard,  generalist  natural 
enemies  with  wide  host  ranges  can  not  be  seriously  considered. 
Predators  are  typically  not  highly  specific  in  their  prey  choices. 
There  is,  for  example,  no  known  predator  (nor  does  one  likely 
exist)  that  consumes  only  Dieissena  (Molloy  et  al.  1997).  Thus,  a 
fish  introduced  to  a  waterbody  from  outside  its  natural  range  may 
prefer  Dieissena  as  a  prey  item,  but  will  also  consume  other 
aquatic  organisms  (likely  other  molluscs).  Such  predators  may 
reduce  Dieissena  population  densities,  but  their  consumption  of 
nontarget  prey  could  potentially  cause  serious,  adverse  ecological 
impacts.  After  their  introduction,  these  predators  would  likely  suc- 
cessfully reproduce  and  spread  to  other  waterbodies  where  their 
presence  might  be  undesirable.  If  technically  and  economically 
feasible,  blocking  reproduction  among  such  introduced  predators 
(e.g.,  stocking  with  sterile  animals  or  those  of  a  single  sex)  might 
possibly  make  their  use  acceptable  in  limited  situations. 

Besides  their  lack  of  prey  specificity,  predators  have  other  char- 
acteristics which  are  likely  to  severely  limit  their  usefulness  as 
biocontrol  agents.  Predators  would  not  likely  provide  the  quick 
mussel  kill  typically  desired  in  the  infrastructures  of  raw  water 
users.  The  financial  cost  of  obtaining  large  numbers  of  predators 
(mass  production?,  mass  harvesting  from  other  areas?,  etc.)  to  treat 
Dreissenu-'int'efiled  waterbodies  would  likely  be  economically  pro- 
hibitive. In  addition,  all  currently  known  predators  would  be  com- 
pletely impractical  for  use  in  reducing  mussel  densities  in  the 
majority  of  confined  Dieissena  habitats  within  raw  water  infra- 
structures (e.g.,  pipes). 

Could  existing,  indigenous  predator  populations  be  managed  in 
their  present  habitats  to  maximize  the  role  they  naturally  play  in 
Dieissena  control?  French  ( 1993)  suggested  that  resource  agencies 
should  manage  populations  of  drum,  sunfish,  and  redhorse  to  im- 
prove their  habitats  and  to  reduce  exploitation  of  large  indi\  idual 
fish  (i.e.,  the  size  that  preys  most  intensively  on  Dreissena).  Simi- 
larly, McMahon  et  al.  (1994)  also  suggested  improving  habitat 
conditions  for  desired  predators  so  that  their  populations  would 
increase  at  a  gradual  rate  and  would  be  sustained  through  periods 
of  reduced  food.  The  technical  and  economic  feasibilities  of  these 
ideas  remain  to  be  tested. 

Parasites 

A  wide  diversity  of  endosymbiotic  organisms  can  be  found 
within  the  mantle  cavity  or  within  the  organs/tissues  oi Dieissena. 
but  which  have  potential  as  biocontrol  agents?  Molloy  et  al.  (1997) 
discussed  34  species  as  parasites — all  of  which  were  reported  from 
attached  mussels  (i.e.,  none  from  pelagic  larvae).  Their  definiluin 
of  "parasites,"  however,  was  intentionally  broad  and  iiicliulcd  a 


number  of  organisms  whose  symbiotic  relationships  with  Dieis- 
sena still  remain  unclear  (e.g.,  possibly  mutualism  or  commensal- 
ism). 

Species  of  obligate,  strictly  host-specific  ciliates  in  the  orders 
Scuticociliatida  iConchophthinis  aciiminatus  and  Conchophthirus 
kliinentiniis)  and  Rhynchodida  (Hypocoinagalma  dieissenae, 
Sphenophrya  dieissenae.  and  Sphenophiya  naumiana)  are  known 
from  the  mantle  cavity  and  at  least  one  species  in  the  order  Hy- 
menostomatida  (suborder  Ophryoglenina)  from  the  digestive  gland 
(Molloy  et  al.  1997).  The  nature  of  the  symbiotic  relationships  of 
these  ciliates  appears  to  range  from  commensalism  (scuticociliatid 
ciliate  species)  to  parasitism  (rhynchodid  and  hymenostomatid 
ciliate  species).  In  a  personal  communication  from  S.  Kazubski 
appearing  in  Stanczykowska  (1977),  the  hymenostomatid  ciliates 
were  reported  as  naturally  causing  lethal  infections  in  Dreissena. 
Thus,  these  host-specific  parasitic  ciliates  may  well  have  potential 
as  biocontrol  agents  if  they  can  be  economically  mass  produced. 

Seven  genera  of  trematodes  have  been  reported  as  parasites  of 
Dreissena  spp.  (Molloy  et  al.  1997).  In  their  life  cycles,  Dreissena 
can  serve  as  the  first  intermediate  host  (e.g.,  for  Bucephalus  poly- 
inorphus  and  Phyllodistoinuin  spp. ),  second  intermediate  host  (e.g., 
for  Echiiuipaiyphiiiin  recurratiiin).  or  the  only  host  (e.g..  for  A.s- 
pidiigaster  spp.  I.  Those  trematode  species  that  use  Dreissena  as  an 
intermediate  host,  usually  subsequently  develop  in  fish  or  water- 
fowl. Because  of  the  potential  adverse  impact  on  these  subsequent 
hosts,  these  trematode  species  have  little  potential  as  biocontrol 
candidates. 

Whereas  ciliates  and  trematodes  are  the  most  commonly  re- 
ported parasites,  a  variety  of  other  pathogenic  organisms  have  been 
recorded  from  field  samples,  including  suspected  bacterial  and 
ascetosporan  infections  (Molloy  et  al.  1997).  Mites,  nematodes, 
leeches,  chirononiids,  and  oligochaetes  have  also  been  observed  to 
be  associated  symbiotically  within  the  mantle  cavity,  but  with  little 
to  no  adverse  effect.  In  laboratory  trials,  Toews  et  al,  (1993)  re- 
ported initiating  lethal  infections  in  D.  polymorpha  with  Gram- 
negative  bacteria. 

Host  specificity  of  a  parasite  is  a  key  feature  for  selection  of  a 
biocontrol  candidate.  In  nature,  some  parasites  exhibit  a  broad  host 
range,  and  thus  it  was  expected  that  some  indigenous  North  Ameri- 
can parasites  would  be  capable  of  infecting  Dreissena.  This  ap- 
pears to  be  occurring,  as  the  few  obligate  parasites  that  have  been 
found  thus  far  in  North  American  Dreissena  are  indigenous  or- 
ganisms whose  hosts  are  native  bivalves  (i.e.,  aspidogastrid  and 
plagiorchiid  trematodes,  Toews  et  al.  1993).  The  broad  host  range 
of  these  parasites  essentially  eliminates  them  from  consideration  as 
biocontrol  agents.  In  contrast,  many  other  parasites  could  be  par- 
ticularly safe  control  agents  since  they  have  been  fine-tuned 
through  evolution  to  be  strictly  host  specific.  But  such  host- 
specific  parasites,  however,  can  also  have  limitations  as  control 
agents.  They  often  have  complex  growth  requirements  and  elabo- 
rate life  cycles,  and  these  characteristics  could  represent  obstacles 
toward  their  economical,  in  vitro  mass  production  {in  vivo  mass 
production  of  parasites  would  likely  be  more  expensive,  thereby 
hindering  commercialization). 

High  host  pathogenicity  is  another  feature  desirable  in  a  para- 
sitic biocontrol  agent.  The  Eurasian  trematode  Biicepludiis  poly- 
murphus  has  been  well  documented  as  being  seriously  debilitating 
to  Dreissena  (i.e..  it  sterilizes  them  by  destroying  their  gonads), 
but  its  use  is  out  oi  the  question  since  fish  are  also  infected  as  part 
of  its  life  cycle.  A  putatively  lethal  infection  with  ascetosporan 
protozoans  has  been  reported  from  /).  polyniorplia  populations  in 
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the  Netherlands  (Bowmer  and  van  der  Meer  1991;  de  Kock  and 
Bmvmer  1993).  Infections  were  noted  over  a  3-year  period  in 
several  rivers.  The  entire  blood  system — including  ihc  blood 
spaces  of  the  digestive  gland  and  gonad,  the  filamentary  blood 
vessels  of  the  gills,  and  tlie  mantle — were  observed  to  contain 
Plasmodia,  sporocvsts.  and  spores.  Infection  often  resulted  in  little 
or  no  remaining  functional  tissue  in  the  digestive  gland.  Compared 
with  the  wide  diversity  of  \irulent  parasites  known  from  other 
bivalves,  particularly  commercially  valuable  marine  species 
(Lauckner  1983.  Sparks  1985.  Sindermann  19901.  the  list  of  seri- 
ously debilitating  Dreissena  parasites  is  cunently  a  short  one. 
Before  their  arrival  in  North  America,  however,  relatively  little 
attention  was  paid  to  their  diseases  (Molloy  1992).  Eurasian  para- 
site records  were  almost  all  reports  of  "  "large"  organisms  easily 
detected  during  dissection  (trematodes.  ciliates.  etc.).  An  intensive 
research  effort  employing  histological  techniques  to  detect  dis- 
eases at  the  cellular  le\el  is  now  underway  both  in  Europe  and 
North  America  (Molloy,  unpublished  data),  and  this  is  likely  to 
reveal  a  much  broader  assemblage  of  parasites,  particularly  patho- 
genic, intracellular,  microbial  species.  Using  parasites  to  debilitate 
Dreissena  in  its  veliger  stage  (i.e..  before  settlement)  would  be  an 
ideal  control  strategy,  and  a  special  effort  should  be  made  to  detect 
the  parasites  (likely  all  intracellular)  present  in  these  pelagic  lar- 
vae. 

Comprehensive  investigations  to  identify  host-specific,  quick- 
killing  parasites  suitable  for  in  vitro  mass  production  are  also  a 
research  priority.  Research  to  date  has  confinned  that  many  of  the 
organisms  living  within  the  bodies  of  Dreissena  do  tend  to  be 
extremely  host  specific.  The  above-mentioned  six  species  of  cili- 
ates. for  example,  have  never  been  found  in  any  other  bivalve  other 
than  Dreissena.  Research  leading  to  the  commercial  development 
of  a  parasite  as  a  control  agent  is  typically  a  long-term  process 
requiring  exhaustive  experimentation  to  verify  host  specificity 
prior  to  parasite  release  for  control  purposes.  Commercially  avail- 
able parasite  products,  although  a  small  component  of  global  pes- 
ticides, do  exist  for  control  of  other  invertebrate  pests,  primarily 
insects,  and  include  bacteria,  fungi,  nematodes,  protozoans,  and 
viruses  (Rodgers  1993).  Because  many  Dreissena  parasites  are 
strictly  host-specific,  the  future  use  of  parasites  as  biocontrol 
agents  is  not  an  unrealistic  possibility. 

The  most  effective  use  of  parasites  as  biocontrol  agents  may  be 
in  an  inundative  fashion  (Debach  and  Rosen  1991)  where  Dreis- 
sena spp.  are  simply  overwhelmed  by  exposure  to  abnormally  high 
concentrations  of  a  parasite.  The  effect  of  a  disease  on  a  host  (i.e.. 
ranging  from  benign  to  lethal)  is  governed  by  a  complex  of  factors, 
such  as  host  physiological  state,  environmental  stress,  and  parasite 
density  within  the  host  (Lauckner  1983).  A  parasite  which  nor- 
mally causes  a  disease  of  low  pathogenicity  could  actually  induce 
a  lethal  infection  if.  for  example,  its  density  within  the  host  was 
abnormally  high.  Thus,  if  parasites  that  are  strictly  host  specific 
can  be  economically  mass  produced,  they  could  be  used  to  induce 
artificially  high,  intense  infections,  resulting  in  serious  host  debili- 
tation and  death.  For  this  reason,  parasites  that  are  strictly  host 
specific  to  Dreissena.  yet  which  in  nature  have  low  pathogenicity, 
should  not  be  excluded  from  consideration  as  potential  biocontrol 
agents. 

Benthic  Competitors 

Dreissena  spp.  tend  to  be  the  dominant  invertebrates  both  in 
numbers  and  biomass  in  benthic  communities,  with  their  introduc- 


tion often  leading  to  the  displacement  of  indigenous  species 
(Karatayev  et  al.  1997).  Attachment  to  a  suitable  substrate  is  es- 
sential to  completion  of  their  life  cycle,  but  other  organisms,  how- 
ever, have  been  reponed  to  be  capable  of  excluding  Dreissena 
from  substrates.  Sponges,  especially  on  vertical  surfaces,  can  over- 
grow and  kill  Dreissena  spp.  by  impairing  normal  mussel  feeding 
and  respiration  (Ricciardi  et  al.  1995).  Other  benthic  organisms 
recorded  to  successfully  outcomplete  dreissenids  include  amphi- 
pods.  algae,  bryozoans.  hydrozoan  coelenterates.  and  other  bi- 
valves (Molloy  et  al.  1997).  None  of  these  organisms,  however, 
seem  to  have  potential  for  use  as  a  biocontrol  agent,  because  of 
their  lack  of  specificity  and  their  own  micro/macrofouling  nature. 

Benefits  and  Limitations  of  Biological  Control  with  Natural  Enemies 

Not  everyone,  however,  agrees  that  biological  control  using 
natural  enemies  (whether  indigenous  or  not)  is  an  attractive  pest 
management  approach.  Its  potential  usefulness  is  often  underesti- 
mated and  its  successes  ignored  by  advocates  of  other  control 
approaches.  Biocontrol  enthusiasts,  however,  can  also  lack  objec- 
tivity and  he  unrealistic  in  their  assessment  of  its  potential,  fre- 
quently overlooking  its  limitations.  Compared  with  conventional, 
chemical  pesticides,  however,  biocontrol  with  natural  enemies 
does  have  some  clear  advantages  (Debach  and  Rosen  1991 ): 

•  Natural  enemies  are  generally  less  damaging  to  the  environment 
since  they  are  typically  more  specific  to  the  target  pest;  chemi- 
cal pesticides  are  typically  broad  spectrum,  adversely  affecting 
far  more  nontarget  organisms;  natural  enemies  of  the  pest  may 
be  some  of  the  nontargets  killed  by  chemical  pesticides,  poten- 
tially leading  to  increased  pest  densities; 

•  With  natural  enemies,  there  is  less  chance  that  a  pest  will  de- 
velop resistance  to  the  control  agent; 

•  Research  and  development  are  typically  less  expensive  with 
natural  enemies  and  long-term  pest  control  is  sometimes  pos- 
sible from  a  single  application. 

Why  have  some  biocontrol  projects  using  natural  enemies 
been  failures,  and  what  have  we  learned  from  these  past  mistakes? 
Overly  expedient  forays,  for  example,  in  the  eighteenth  and  nine- 
teenth centuries  into  the  control  of  vertebrate  pests  with  vertebrate 
predators  were  truly  disastrous  (Waage  and  Mills  1992).  The  in- 
troduction of  mongooses  onto  islands  to  control  rats  resulted  in 
these  predators  becoming  pests  themselves  and  clearly  demon- 
strated that  biological  control  agents  would  only  be  effective  and 
safe  if  they  were  relatively  specific  to  the  target  pest.  Other  bio- 
control failures  stemmed  from  erroneous  taxonomic  identifications 
of  pests  and/or  their  natural  enemies  (Waage  and  Mills  1992). 
These  errors  of  the  past  are  lessons  for  the  future. 

Importation  of  Natural  Enemies 

Although  controversial,  the  possibility  of  importing  nonindig- 
enous  organisms  into  North  America  should  not  be  dismissed  com- 
pletely. Laboratory  and  field  research  to  identify  Eurasian  parasites 
that  are  virtually  100%  host-specific  to  Dreissena  should  be  pur- 
sued. Before  any  natural  enemy  would  ever  be  considered  for 
actual  use  as  a  biocontrol  agent  in  North  America,  research  (both 
laboratory  and  field  trials)  within  the  Eurasian  native  range  would 
have  to  be  intensively  performed  to  confirm  that  the  natural  enemy 
is.  for  all  practical  purposes,  specific  to  Dreissena.  Such  overseas 
investigations  are  long-term,  requiring  years  of  research  to  ensure 
that  the  environmental  risk  of  importing  any  natural  enemy  would 
be  acceptable  to  North  American  regulatory  agencies.  In  the  in- 
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terim,  research  to  define  the  natural  enemies  of  Dreissena  that  are 
already  present  in  North  America  and  might  be  useful  as  biocon- 
trol  agents  should  be  conducted  concurrently.  It  is  not  known,  for 
example,  if  D.  polymorpha  or  D.  hiii^ensis  brought  any  of  their 
parasites  with  them  during  their  voyage  to  North  America  in  ship 
ballast  water.  Before  a  parasite  would  ever  be  imported  and  re- 
leased, it  would  be  prudent  to  have  exhaustively  examined  Dreis- 
sena populations  in  North  America  for  disease  organisms  suitable 
for  use  as  biocontrol  agents. 

Overseas  investigations  should  include  quantitative  surveys  to 
assess  the  full  richness  oi  Dreissena  s  natural  enemy  complex,  the 
potential  impact  of  its  component  species,  and  of  paramount  im- 
portance, the  degree  of  host  specialization.  Cuirent  knowledge  of 
the  natural  enemies  of  Dreissena  has  recently  been  summarized 
(Molloy  et  al.  1997),  and  such  foreign  explorations  have  been 
initiated  (Molloy  et  al.  1996;  Molloy,  unpublished  data).  In  the 
choice  of  a  potentially  useful  natural  enemy,  generalists  (e.g.,  non- 
host-specific  predators  or  parasites)  should  be  quickly  eliminated 
from  consideration  since  they  would  pose  too  great  a  risk  to  non- 
target  species.  Importation  would  be  followed  by  strict  quarantine 
while  laboratory  safety  trials  on  North  American  nontargets  are 
conducted.  Before  any  natural  enemy  could  be  used  to  control 
North  American  Dreissena.  it  would  have  to  be  free  of  any  po- 
tentially harmful  organisms  from  its  native  range.  Once  used,  its 
possible  establishment  and  impact  on  both  Dreissena  and  nontar- 
get  populations  would  have  to  be  carefully  monitored. 

CONCLUSIONS 

The  control  of  Dreissena  populations  in  North  America  re- 
quires an  integrated  pest  management  approach,  and  biological 
control  techniques  could  play  a  role  in  this  process.  Regulatory 
agencies,  in  response  to  public  pressure,  are  demanding  that  con- 
trol techniques  have  minimal  environmental  imput — a  factor  that 
strongly  argues  in  favor  of  target-specific,  pest  management  ap- 
proaches, such  as  biological  control. 

Research  is  required  to  understand,  develop,  enhance,  and  fi- 
nally integrate  biologically  based  pest  management  practices  into 
the  overall  plan  for  Dreissena  control,  with  the  goal  of  reducing 
dependency  on  broad  spectrum  synthetic  pesticides  or  other  envi- 
ronmentally disruptive  control  methods.  Specific  recommenda- 
tions are: 
•  Research  on  the  development  of  highly  specific,  selectively 


toxic  microbes  should  be  continued;  of  all  possible  biocontrol 
agents,  they  are  likely  to  be  the  first  to  be  commercialized; 

•  Among  natural  enemies,  host-specific  parasites  have  the  great- 
est potential  for  use  as  effective  and  environmentally  safe  con- 
trol agents;  research  to  identify  parasites  that  have  this  desired 
host  specificity,  but  that  are  also  quick-killing  and  capable  of 
being  economically  //;  viiro  mass  produced  should  be  given 
priority; 

•  Parasites  from  Dreissena's  native  Eurasian  range  should  be 
studied  to  identify  species  that  would  be  "nearly  risk  free" 
candidates  for  importafion  into  North  America; 

•  Re.search  to  uncover  parasites  of  Dreissena  that  are  already 
present  in  North  America  should  be  intensified. 

Biological  control  is  by  no  means  a  panacea  to  all  pest 
problems.  It  has  its  inherent  disadvantages,  and  the  release  of  any 
biocontrol  agent  has  risks,  but  this  is  true  of  all  pest  control  ap- 
proaches. Opponents  of  biological  control  are  very  quick  to  point 
out  its  past  failures,  but  all  of  these  biocontrol  failures  combined 
do  not  come  anywhere  near  the  global  damage  that  has  been  done, 
and  continues  to  be  done,  by  chemical  pesticides.  In  regard  to 
Dreissena  control,  do  we  want  to  continue  relying  primarily  on 
broad  spectrum,  chemical  biocides,  like  chlorine,  or  do  we  wish  to 
explore  other  pest  control  strategies  that  have  far  greater  potential 
to  be  environmentally  safe? 
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ABSTRACT  Spermatogene,sis  of  the  hermaphrodite  freshwater  clam,  Corbiciila  aif.  fluminea  Muller  was  described  from  light  and 
electron  microscopy.  During  the  sperniatogenetic  process,  difference  between  primary  and  secondary  spermatocytes  was  hardly 
recognized.  Mature  spermatozoon  consists  of  an  elongated  head  (13.9  +  0.32  [).m  in  length)  with  a  rod-like  acrosome,  indistinct 
midpiece.  and  two  long  flagella.  2.5  times  as  long  as  the  head,  each  tlagellum  with  a  very  thin  undulating  membrane.  Companson  of 
the  sperm  morphology  in  Corbiciila  species  presents  two  major  groups,  unitlagellated  and  bitlagellated.  Spermatozoa  of  C.  leaiia  and 
C.  aff.  Ihiimneu.  in  spite  of  their  close  similarity,  were  distinguished  by  their  size  and  number  of  mitochondria. 

KEY  WORDS:     spermatogenesis,  ultrastructure,  flagella,  hermaphrodite,  Corbiciila 


INTRODUCTION 

Studies  on  the  reprociuctive  biology  of  freshwater  corbiculid 
clams,  especially  detailed  studies  of  their  spermatology,  are  few  in 
spite  of  its  commercial  importance:  of  all  the  inland  water  fisheries 
in  Japan,  about  30%  of  the  annual  catch  is  accounted  for  by  Cor- 
biciila clams,  Ultrastructural  studies  of  the  spermatozoa  of  the 
Japanese  corbiculid  clams  are  published  for  only  two  species:  Cor- 
hiciila  sandal  Reinhardt  and  C.  leana  (Prime)  (Hachiri  and  Higashi 
1970.  Komaru  and  Konishi  1996).  These  studies  distinguished  two 
types  of  spermatozoa,  uniflagellate  and  biflagellate,  were  found 
within  the  same  genus.  Fuilher,  only  a  few  previous  works  have 
desciibed  the  ultrastructure  of  the  complete  sperniatogenetic  pro- 
cess in  freshwater  bivalves  (Higashi  1964.  Rocha  and  Azevedo 
1990).  and  no  data  are  available  for  Corbiculidae,  Recently,  in  a 
course  of  the  genetic  study  on  populations  of  C.  leana  in  Kyushu, 
southern  Japan,  we  sampled  many  specimens  that  were  almost 
morphologically  identical  with  C.flumlnea  Muller.  and  the  gonads 
of  these  clams  were  histologically  examined  to  allow  a  comparison 
of  the  sperniatogenetic  process  within  Corbiciila.  The  taxonomy  of 
the  corbiculid  species,  however,  is  complicated  and  confused  at 
present.  Four  Coii)lciila  species  have  been  described  from  Japan 
iHabe  1977.  Masuda  and  Habe  1988).  although  some  authors 
listed  C.  fhinihiea  in  the  bivalve  fauna  of  Japan  (Wang  1988.  Hu 
and  Tao  1995).  Morton  (1979).  however,  proposed  only  a  two- 
species-complex.  C.  fliimlnea  and  C.  fliimlnarls.  from  the  Asian 
region.  We  herewith  tentatively  use  the  name  C.  aff,  flwnlnea 
Muller  (for  details,  see  Komaru  et  al.  1998), 

In  this  paper,  we  describe  the  ultrastructure  of  spermatogenesis 
of  C  aff.  fliiminea  from  Japan  and  compare  its  morphological 
characters  with  those  of  other  freshwater  bivalves  including  Cor- 
biciila species. 

MATERIAL  AND  METHODS 

Clams  were  collected  from  the  Tade  River.  Saga  Prefecture. 
Japan.  Intact  sperm  were  obtained  by  dissecting  fresh  gonads,  and 
the  length  of  the  head  and  flagella  were  measured  with  an  ocular 
micrometer  for  specimens  just  after  the  temiination  of  their  move- 
ment by  adding  1%  formalin  from  the  fringe  of  the  cover  slip.  The 
soft  part  of  the  clams  were  fixed  with  Bouin's  solution  and  pro- 


cessed as  for  standard  paraffin  embedding  methods.  Serial  sections 
in  5  jjtm  thickness  were  stained  with  Mayer's  hematoxylin  and 
eosin.  The  sections  were  observed  with  an  Olympus  BH-2  micro- 
scope. Measurements  of  testicular  cells  were  performed  in  20-50 
cells,  ranging  at  least  two  clams,  based  on  these  sections  using  an 
ocular  micrometer. 

For  electron  microscope  observations,  small  pieces  of  gonads 
were  dissected  under  a  binocular  microscope,  and  prefixed  with 
2%  glutaraldehyde  and  2.5%  paraformaldehyde  in  0.1  M  cacodyl- 
ate  buffer  (pH  7.5)  at  4°C.  The  prefixed  tissue  was  rinsed  with  the 
same  buffer  three  times  and  then  post-fixed  with  1.0%  osmium 
tetraxide  in  the  same  buffer.  After  fixation,  the  tissues  were  dehy- 
drated through  a  graded  acetone  series  and  embedded  in  an  epoxy 
resin  Quetol  8I2(Nisshin  EM  Co..  Tokyo).  Ultrathin  sections  were 
stained  with  aqueous  uranyl  acetate  and  lead  nitrate,  and  then 
observed  with  a  JEOL  1200  EX  transmission  electron  microscope. 

RESULTS 

Gross  morphology  of  testis 

Testes  are  found  adjacent  to  the  ovaries,  and  occasionally  both 
gonads  are  mingled.  From  outer  wall  to  inner  core  of  the  testis, 
various  stages  of  germ  cells  are  observable.  Mature  spermatozoa 
form  spherical  or  hemispherical  clusters  in  the  lumen  of  the  testis 
(Fig.  1  A.  asterisk)  attaching  their  head  onto  a  large  Sertoli-like  cell 
(Fig,  2C.  asterisk). 

Spermatogonia  (Fig.  IB) 

In  the  peripheral  region  of  the  testis,  large  polygonal  spermato- 
gonia are  visible:  mean  value  ±  S.D.  of  the  nuclear  diameter  is  5.84 
±  0.47  ]xm  (n  =  20).  and  the  nucleus  contains  a  prominent  elec- 
tron-dense nucleolus  in  .some  sections  (Fig.  IB.  arrow).  Chrom- 
atins are  not  condensed.  A  number  of  mitochondria  are  scattered 
around  the  nucleus. 

Spermatocytes  (Fig.  ICl 

Round  cells.  3.7  ±  0.47  |j.m  in  mean  nuclear  diameter  (n  =  50). 
The  nucleus  is  somewhat  condensed  and  volume  of  cytoplasm  is 
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Figure  1.  Spermatogenetic  process  of  Corhicula  Ml.  Jhimiiiea  Miilltr.  ( A )  Gross  morpholouv  of  the  testis  b\  ilglit  niieroscope.  Spernialogonia  (sg) 
are  found  at  the  peripheral  region.  Asterisk  shows  Sertoh-like  cells  onto  which  mature  spermalo/oa  attach  their  head  forming  a  cluster.  (B) 
Spermatogonia.  Nucleolus  (nol  is  found.  It'l  Spermatocyte.  (D)  Early  spermatid.  Note  proximal  (pc)  and  distal  (dc)  centrioles.  Transverse  section 
of  flagella  (fl  is  also  recognized.  IK)  Middle  spermatid.  Acrosomal  structure  (a)  is  not  apparent.  Note  numerous  fibrils  of  chromatin  arranged 
with  the  longitudinal  axis  (in  detail,  sec  inletl.  (K)  l.ate  spermatid.  Scale  bars  =  10  pm  for  A  and  1  pm  for  B-F. 
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more  reduced  than  in  the  spermatogonia.  Meiotic  figures  are  fre- 
quently recognized  (Fig.  IC.  asterisk).  The  primary  and  secondary 
spermatocytes  are  hardh  distinguishable  in  morphology. 

Spermatids  (Figs.  ID-F) 

Early  spermatid.  3.0  ±  0. 1  1  |ji.m  in  mean  nuclear  diameter  (n  = 
20).  has  scant  cytoplasm,  and  large  mitochondria  which  are  dis- 
placed to  one  side  of  the  cell.  A  pair  of  centrioles  is  found  near  the 
basal  end  of  the  cell,  consisting  of  proximal  and  distal  centriole 
(Fig.  ID.  arrows).  A  flagellum  originates  from  the  distal  centriole 
at  this  stage  in  some  specimens.  In  the  middle  stage,  the  nucleus 
becomes  elongated,  and  numerous  fibrils  are  arranged  longitudi- 
nally in  it  (Fig.  IE  and  inlet).  The  acrosomal  structure  is  recog- 
nizable at  the  anterior  part  of  the  head  (Fig.  IE,  arrow).  The 
nucleus  of  the  late  spermatids  becomes  more  elongated  with  con- 
densed chromatin  and  the  acrosome  is  now  conspicuous.  The 


proximal  centriole  which  was  perpendicular  to  the  distal  one  was 
not  recogni/ed.  The  shape  of  the  mitochondria  is  elongated  and 
tlattcned  (Fig.  IFl. 

Spermatozoon  (Figs.  2A-F) 

The  head,  13.9  ±  0.32  [im  in  length  (n  =  20).  consists  of  a 
rod-like  acrosome  and  a  long  nucleus  capped  with  four  tightly 
packed  mitochondria  which  form  a  calyx-like  cluster  (Fig.  2D). 
The  length  of  the  flagella  is  approximately  2.5  times  as  long  as  the 
head.  In  the  head  region,  the  acrosome  is  of  a  tapered  form  and  the 
outer  electron-lucent  layer  and  inner  moderate  dense  region  are 
distinguished  (Fig.  2B).  The  chromatin  of  the  nucleus  is  more 
condensed  and  numerous  small  low-electron  dense  patches  are 
found.  Two  centrioles  are  located  parallel  to  longitudinal  axis  at 
basal  part  of  the  head  (Fig.  2.  E  and  F)  and  long  flagella  originate 
from  each  centriole.  The  basal  part  of  one  centriole  (Fig.  2E, 
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Figure  2.  Spermatozoa  ofCorhiciila  aff.  fliiminea  .Miiller.  (.A)  Mature  spermatozoa.  (B)  Acrosome  on  the  head.  (C)  Spermatozoa  which  the  head 
attaching  to  a  Sertoli-like  cell  (asterisk).  (D)  Transverse  section  of  posterior  midpiece.  Four  mitochondria  surround  nucleus.  (E)  Longitudinal 
section  of  posterior  midpiece.  Two  flagella  (f)  originate  from  each  centriole,  hut  not  that  the  basal  part  of  one  flagellum  is  curved  forward  to  the 
base  of  another  flagellum  (asterisk).  (F)  Transverse  section  of  posterior  end  of  midpiece.  Scale  bars  =  1  jim  for  A-B,  500  nm  for  C,  and  200  nm 
for  D-F. 
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asterisk)  is  curved  toward  the  base  of  the  other  centriole  suggesting 
its  proximal  origin.  Each  flagella  is  fringed  with  a  very  thin  un- 
dulating membrane  (see  arrow  in  Fig.  ID). 

DISCUSSION 

In  spermatogenetic  studies  of  bivalves,  it  has  been  noted  that 
secondary  spennatocytes  were  rarely  observed.  For  this  reason. 
Sastry  ( 1979)  stated  that  the  division  rate  was  too  rapid  to  recog- 
nize the  second  meiosis  histologically.  Two  stages  of  spermato- 
cyte, however,  were  recognized  in  C.  leana  (Ikematsu  and  Yamane 
1977)  and  C.  japaiiica  (Maru  1981)  by  light  microscopy.  Accord- 
ing to  Takahashi  and  Takano  (1970).  the  secondary  spermatocytes 
are  distinguishable  from  the  primary  spermatocytes  by  their  size. 
In  the  present  histological  observations,  no  distinct  groups  were 
detected  in  the  nuclear  size  of  the  spermatocytes.  Electron  micro- 
scopic figures  also  support  this  result.  On  the  other  hand,  the 
chromosome  number  and  DNA  content  of  the  three  Corhicida 
species  including  C.  ad.  Jhiinined  suggest  the  possibility  of  first  or 
second  meiosis  being  omitted  in  the  reproduction  of  these  clams 
(Komaru  et  al.  1997).  If  this  omission  actually  exists  in  the  present 
species,  the  absence  of  a  definite  mitotic  step  will  be  reasonable. 

Kraemer  (1983)  distinguished  two  types  of  bitlagellate  sper- 
matozoa in  C.  fluminea:  wide-headed  and  slender-headed.  In  the 
wide-headed  type,  which  was  suggested  to  be  a  non-mature  form, 
one  of  the  pair  of  flagella  was  often  relatively  motionless.  In  this 
study,  a  pair  of  centrioles  is  recognized  in  the  early  spermatid 
stage,  and  one  of  the  parallel  centrioles  in  the  inature  spermatozoa 
is  curved  toward  the  base  of  the  other  centriole.  It  is  most  likely 
that  after  one  flagellum  emerged  from  the  distal  centriole,  then  the 
proximal  one  moves  its  position  parallel  to  the  longitudinal  axis, 
and  finally  the  second  flagella  originates  from  it. 

Table  1  summarizes  the  gross  sperm  moiphology  and  devel- 
opmental mode  in  freshwater  bivalves  including  Corbicuta  spe- 
cies. Two  distinct  groups  are  recognized  among  the  corbiculids: 
uniflagellate  and  bitlagellate  spermatozoa.  The  groups  correspond 
with  other  aspects  of  their  reproduction.  Bitlagellate  and  hermaph- 
rodite species,  includes  C.  leaini.  C.  fluminea.  and  the  present 
species.  The  spermatozoa  of  C.  aff.  fluminea  are  different  from 
those  of  C.  leana  in  two  aspects:  1 )  the  number  of  mitochondria  is 
four  in  C  atl.  fluminea  and  five  in  C.  leana.  and  2)  the  head  length 
of  the  present  species  is  smaller  than  that  of  C.  leana  (16.9  and 
13.9  |xm  in  average,  respectively). 

Early  spermatological  studies  suggested  that  spermatozoa  of 
the  Bivalvia  were  classified  as  a  primitive  type  (e.g.,  Franzen 


1956).  Successive  works,  however,  have  revealed  the  presence  of 
modified  spermatozoa  in  bivalves  in  different  families:  Tellina  and 
Codakia  (Moueza  and  Frenkiel  1993).Popham  ( 1979)  was  the  first 
to  review  the  class  from  sperm  morphology,  and  suggested  that  the 
most  useful  taxonomic  application  of  comparative  spenii  morphol- 
ogy in  the  Bivalvia  seems  to  lie  at  the  species  and  genus  levels. 

Most  spermatozoa  of  freshwater  bivalves  are  of  a  primitive 
type  which  have  a  rudimentary  acrosome,  a  short  head,  five  spheri- 
cal mitochondria,  and  a  long  simple  flagellum  (e.g.,  Higashi  1964. 
Trimble  and  Gaudin  1975.  Peredo  et  al.  1990.  Rocha  and  Azevedo 
1990,  Lynn  1994).  The  gross  sperm  morphology  of  freshwater 
Corbicula  is  a  modified  type  among  bivalve  spermatozoa.  This 
form  may  be  related  with  their  specialized  mode  of  reproduction: 
hermaphroditeic  and  internal  fertilization  (Komaru  and  Konishi 
1996).  Franzen  (1983)  also  noted  that  there  was  a  correlation  be- 
tween the  evolution  of  elongated  sperm  nuclei  and  large,  yolk-rich 
eggs.  According  to  Healy's  ( 1996)  definition,  the  sperm  of  corbi- 
culid  clams  belongs  to  an  ent-aquasperm  of  which  sperm  are  re- 
leased into  the  ambient  water  and  fertilization  occurs  within  the 
confines  of  the  mantle  cavity.  He  also  commented  on  the  resem- 
blance of  sperm  morphology  between  freshwater  Corbiculidae  and 
marine  Tellinidae  in  both  having  an  elongated  nucleus  and  similar 
midpiece  structures. 

Popham  (1979)  pointed  out  that  the  presence  or  absence  of 
acrosomal  structures  may  be  indirectly  correlated  with  the  brood- 
ing of  developing  young.  Peredo  et  al.  (1990)  compared  the  sperm 
morphology  and  development  in  freshwater  bivalves,  and  came  to 
a  similar  conclusion.  In  fact  this  is  true  for  the  upper  six  species  in 
Table  1 .  Based  on  recent  data,  however,  their  category  seems  to  be 
inadequate  for  the  freshwater  bivalves  such  as  found  in  Japanese 
corbiculid  species.  As  shown  in  Table  I.  the  spermatozoa  of  C. 
.sandai  have  a  prominent  acrosome  although  the  developmental 
type  of  this  species  is  non-brooding:  e.g..  this  clam  releases  de- 
veloping eggs  to  ambient  water  (Miyazaki  1936,  Furukawa  and 
Mizumoto  1953).  This  suggests  that  the  reproductive  strategies  in 
the  Corbicula  species  and  their  sperm  morphology  are  not  simply 
categorized  by  previous  models  and  classifications. 
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TABLE  1. 
Comparison  of  sperm  morphology  and  developmental  mode  in  freshwater  bivalves. 


Family 


Species 


Sperm 


As.        Mit.        Flagella        Brooding        Sexuality 


Author(s) 


UnioniduL- 

H\riop.\i.\  .\i'lilt'i;ctii 

primitive 

- 

4 

Unionidae 

Lifiiimia  siihmstrata 

primitive 

- 

4 

Unionidae 

Aiiitdonta  cygnea 

primitive 

- 

5 

Unionidae 

Anodontci  i^randis 

primitive 

- 

5 

Hyriidae 

Diplodnii  ihilensis  chilensis 

primitive 

- 

5 

Dreissenidae 

Dreissena  polimoiphci 

primitive 

-1- 

4-5 

Corbiculidae 

Corbicula  .sandai 

modified 

+ 

4 

Corbiculidae 

Corbicula  leana 

modified 

+ 

5 

Corbiculidae 

Corbicula  flmuiiwa 

modified 

-H 

'} 

Corbiculidae 

Corbicula  aff.  fluminea 

modified 

-1- 

4 

Yes 

D 

Yes 

D 

Yes 

D 

Yes 

D 

Yes 

D 

No 

D 

No 

D 

Yes 

H 

Yes 

H 

Yes 

H 

Higashi  (1984) 

Trimble  and  Gaudin  ( I97S) 

Rocha  and  Azevedo  (1990) 

Lynn (1994) 

Peredo  et  al.  ( 1990) 

Franzen  (I9S3) 

Hachirl  and  Higashi  (1970) 

Komaru  and  Konishi  (1996) 

Kraemer  ( 19S1) 

this  siinlv 


As.  acrosome;  D,  dioecious;  H,  hermaphrodite;  Mil.,  milocliondna;  -i-,  present;  -,  absent. 
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ABSTR.ACT  Individual  shell  length  (SL)  record.s  of  101  known-age  northern  quahogs  Mercenaria  mercenaria  over  a  12-year  period 
were  used  to  compare  Richards,  Gompertz.  logistic,  and  von  Bertalanfty  growth  models.  Model  comparisons  were  based  on  statistical 
goodness  of  fit,  and  accuracy  in  estimating  age  at  maturity  (35  mm  SL)  and  age  at  legal  harvest  size  (3=-M.4  mm  SL).  The  von 
Bertalanffy  model  did  not  fit  the  data  as  well  as  the  other  models.  Although  the  Richards.  Gompertz.  and  logistic  models  accounted 
for  similar  levels  of  variability  in  the  data  (R-  =  0.946  -  0.947).  the  Richards  model  resulted  in  the  most  accurate  prediction  of 
biologically  and  economically  important  ages. 

AT;)'  \\ORDS:     Mercenaria  mercenaria.  growth  model,  quahog.  clam. 


INTRODUCTION 

Growth  of  the  northern  quahog  Mercenaria  mercenaria  (L.) 
has  been  extensively  studied  because  of  the  economical  and  eco- 
logical iinportance  of  the  northern  quahog  in  coastal  waters  (Car- 
riker  1961,  Eversole  1987.  Roegner  and  Mann  1991).  Quahogs. 
like  other  shelled  inolluscs,  increase  in  size  through  the  deposition 
of  calcium  carbonate  and  conchiolin  protein  on  the  marginal  edge 
of  the  shell.  Consequently,  successive  measurements  of  the  shell 
will  provide  an  estimate  of  growth.  The  growth  of  bivalves  has 
been  assessed  through  the  use  of  annual  marks  in  the  shell,  by 
following  the  modal  size-frequency  distribution,  or  by  measuring 
captive  or  marked  individuals  through  time  (Gustafson  1955. 
Ansell  1968.  Loesch  and  Haven  1973.  Eldridge  et  al.  1979.  Walker 
1989.  Jones  et  al.  1990).  Although  some  quahog  studies  have  used 
mathematical  models  to  describe  growth,  few  have  compared  al- 
ternative models  for  goodness  of  fit  (Loesch  and  Haven  1973; 
Kennish  and  Loveland  1980;  Jones  et  al.  1990). 

The  determinate  growth  model  most  commonly  applied  to  bi- 
valves is  the  von  Bertalanffy  growth  curve  (Brousseau  1979.  Ap- 
peldoom  1983,  Jones  et  al.  1990),  although  the  logistic  and  Go- 
mpertz determinate  growth  models  have  also  been  used  (Kennish 
and  Loveland  1980).  A  common  characteristic  of  determinate 
models  is  that  organisms  approach  an  asymptotic  size  in  a  finite 
period.  A  power  function  has  also  been  used  to  describe  quahog 
growth  in  coastal  Georgia  waters  (Walker  and  Humphrey  1984, 
Walker  and  Tenore  1984).  The  power  function,  like  the  exponen- 
tial curve,  does  not  reach  an  asymptote  with  time  and  thus  assumes 
that  growth  is  indeterminate  (Kaufmann  1981). 

The  objective  of  this  study  is  to  estimate  growth  parameters  for 
the  northern  quahog,  and  to  compare  the  biological  and  statistical 
goodness  of  fit  of  the  Richard.  Gompertz.  logistic,  and  von  Ber- 
talanffy growth  models. 

METHODS 

Eight-month-old  seed  (mean  shell  length.  SL  =  13.01  ±  1.43 
mm)  obtained  from  Coastal  Zone  Resources  Corporation  of  North 


Carolina  were  planted  in  Clark  Sound,  SC  in  May  1975.  When 
quahogs  reached  25  mm  SL,  313  were  individually  marked  using 
a  permanent  marker  and  planted  at  densities  of  -225  clams/m"  in 
two  oyster  culture  trays  containing  approximately  14  cm  of  natural 
substrate  collected  on  site.  Trays  measured  1 18  (L)  x  61  (W)  x  14 
(D)  cm  and  were  constructed  of  0.6-cni  diameter  iron  bar  covered 
with  0.9-cm  mesh  plastic  cloth  lined  with  I -mm  mesh  nylon  insect 
screen  to  retain  sediment.  Substrate  consisted  of  70-80%  sand 
mixed  with  20-30%  silt  and  clay.  Salinity  throught  the  study  var- 
ied from  25  to  30  ppt  at  low  tide. 

Quahogs  were  measured  twice  yearly  (spring  and  fall)  from 
1976  to  1979  and  annually  (fall)  froin  1980  to  1987.  No  clams 
were  measured  in  1981.  The  SL  of  each  individually  marked  quahog 
was  measured  along  the  antenor-posterior  axis  with  Vernier  calipers 
(±0.1  mm).  Although  313  quahogs  were  stocked,  samples  were  killed 
concurrent  with  each  measurement  period  for  an  independent 
study.  Consequently,  only  the  data  from  101  individuals  surviving 
to  152  mo  were  used  to  construct  and  evaluate  growth  models. 

The  four  growth  models  evaluated  include: 


Richards 

logistic 


l,  =  D  +  (L.,_-D)(\  +  He-""-'"') 

L.  A 
I,- 


A  +  {L-^-A)e 


I,  =  L^e- 


-l<i'-'o)\ 


Gompertz 

and  von  Bertalanffy         /,  =  L^(  1  -  e 

where  /,  is  the  size  of  the  quahog  at  time  t,  L^  is  the  asymptotic 
size.  If,  is  the  size  at  time  0,  k.  and  g  are  generalized  growth 
parameters,  but  vary  slightly  in  definition  between  models,  and  A, 
D.  and  H  are  position  parameters  used  to  constrain  the  inflection 
point.  Additional  description  and  derivation  for  these  models  can 
be  found  in  Ricker  (1975)  and  Kaufmann  ( 198 1 ).  All  four  models 
exhibit  asymptotic  behavior  but  differ  in  the  presence  and  place- 
ment of  an  inflection  point.  The  logi.stic  model  is  symmetrical  in 
relation  to  the  inflection  point,  whereas  the  Richards  and  Gompertz 
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TABLE  1. 

Mean  and  range  in  shell  length  for  101  known-age  northern 

quahogs  held  in  Clark  Sound.  SC,  and  used  to  evaluate 

growth  models. 


Age 

(mos) 


Shell  Length  (mm) 


Mean 


Range 


1 

8 
16 

22 
31 

38 
43 
50 
56 
62 
68 
97 
105 
117 
129 
140 
152 


1.0 
13.0 
24.5 
41.9 
46.7 
56.3 
57.1 
59.9 
63.4 
64.5 
64.4 
65.4 
65.2 
65.5 
65.9 
66.4 
66.2 


1.0-1.0-' 
9.9-16.8" 
17.5-33.0 
34.8-52.0 
39.2-56.3 
47.4-68.0 
47.5-68.1 
49.2-73.1 
51.7-77.2 
52.5-78.3 
52.3-78.0 
52.5-78.0 
52.5-78.5 
52.7-78.2 
53.1-82.6 
53.6-82.8 
54.1-82.8 


■'  Quahogs  planted  in  May  1975  from  a  commercial  hatchery  were  assumed 

to  be  1 -mo-old  and  1  mm  SL  in  September  1974. 

*■  Size  and  range  of  the  population  of  quahogs  planted  in  May  1975. 

models  are  asymtnetrical.  The  von  Bertalanffy  model  does  not 
incorporate  an  inflection  point  and  is  commonly  used  to  describe 
growth  after  an  initial  exponential  phase  in  the  first  year  of  life 
(Ricker  1975). 

Growth  models  were  fit  using  nonlinear  least-squares  regres- 
sion (SAS  1985).  Predicted  SL-at-age  relationships  were  calcu- 
lated using  parameter  estimates  for  each  inodel.  Linear  regressions 
and  R~  values  were  calculated  using  predicted  against  observed 
SL.  The  comparison  of  goodness  of  fit  between  models  was  based 
on  R"  values  and  the  mean  square  residual  values  for  individual  SL 
and  mean  SL  over  time.  F-tests  were  used  to  evaluate  the  mean 
square  of  residual  values  for  the  four  models. 

Models  were  also  coinpared  based  on  the  ability  to  predict  two 
important  reference  ages;  the  age  at  reproductive  size  (35  mm  SL; 
Eversole  1986)  and  the  age  at  legal  harvest  size  in  South  Carolina 
(3=44.4  mm  SLl.  Age  estimates  for  these  sizes  were  determined 
and  the  deviation  from  observed  age  was  compared  for  the  four  models. 

RESULTS  AND  DISCUSSION 

Mean  SL  increased  consistently  from  planting  in  1975  through 
the  first  62  mo,  then  remained  relatively  stable  through  harvest  in 


1987  (Table  I ).  Growth  was  variable  among  individuals  but  mean 
growth  was  similar  to  growth  of  quahogs  observed  in  other  studies 
in  the  South  Atlantic  (Eldridge  et  al.  1979.  Eversole  et  al.  1986. 
Walker  1989).  Walker  (1984)  observed  a  decline  in  growth  of 
quahogs  measured  on  a  monthly  basis  when  compared  with  qua- 
hogs measured  on  a  seasonal  basis,  which  he  attributed  to  stress 
associated  with  repeated  handling.  Devillers  (1994)  sectioned  a 
representative  sample  of  shells  from  the  present  study  but  failed  to 
detect  disturbance  rings  associated  with  slow  growth.  In  our  case, 
measurements  made  from  I  to  2  times  per  year  seemed  to  have 
little  effect  on  shell  growth. 

The  non-linear  least-squares  regression  technique  successfully 
estimated  parameters  for  each  model  (Table  2).  However,  direct 
comparisons  of  most  model  parameters  are  not  appropriate  be- 
cause of  slight  differences  in  parameter  definitions.  Parameters  A. 
D.  and  H  have  no  biological  significance  and  are  not  present  in  all 
models.  The  growth  parameter  k  has  biological  significance,  but 
differs  in  definition  among  models.  Mean  asymptotic  SL  (L-,_) 
estimates  varied  from  64.85  to  67.22  mm  and  were  similar  to  the 
observed  mean  maximum  size  (66.17  mm  SL).  Because  the  pre- 
dictive capability  of  the  von  Bertalanffy  model  is  generally  re- 
stricted to  the  portion  of  the  growth  curve  after  the  first  year  of  life, 
a  negative  intercept  value  equal  to  the  size  at  time  0  (?„)  is  not 
unexpected  and  the  magnitude  of  the  deviation  from  the  observed 
value  is  not  biologically  significant. 

The  goodness  of  fit  of  all  models  may  have  been  affected  by 
interannual  differences  in  growth  (Fig.  1 ).  As  this  study  incorpo- 
rated only  one  cohort  of  clams,  the  rapid  growth  in  the  spring 
between  months  16-22  followed  by  slow  growth  in  the  late  fall 
and  winter  between  months  22-31  resulted  in  a  natural  deviation 
from  the  smoothed  curves  and  reduced  the  goodness  of  fit  of  all 
models.  Although  each  of  the  four  models  accounted  for  3=93%  of 
the  variation  in  SL  (Table  3),  the  von  Bertalanffy  model  did  not 
account  for  as  much  of  the  variance  as  the  other  models,  which 
were  similar.  Analysis  of  residual  differences  between  individtial 
and  mean  observed  and  predicted  SL  also  indicated  that  the  von 
Bertalanffy  model  did  not  fit  the  data  as  well  as  the  other  three 
models,  which  were  similar  in  fit.  The  Richards  model  incorpo- 
rates five  parameters  and  was  originally  developed  as  a  modifica- 
tion of  the  von  Bertalanffy  curve  with  the  addition  of  a  parameter 
to  constrain  the  inflection  point  (Richards  1959)  that  has  little 
biological  basis  (Ricker  1975),  The  logistic  curve  was  developed 
to  explain  increases  in  population  biomass  in  the  presence  of  a 
limiting  factor  (Ricker  1975);  however,  the  inodel  has  been  applied 
to  shell  growth  of  individual  bivalves  as  well  (Kennish  and  Love- 
land  1980).  The  Gompertz  model  was  developed  to  describe  data 
on  a  weight-at-age  basis,  but  can  be  applied  to  length  data  as  well 
(Sillman  1967).  Although  the  Gompertz  model  has  only  three  pa- 
rameters, it  can  be  computationally  difficult  to  fit  and  has  not  been 


TABLE  2. 
Parameter  estimates  and  asymptotic  standard  errors  for  models  used  to  evaluate  growth  of  quahogs  (n  =  1()1)  held  In  Clark  Sound.  SC. 


Model 


Parameter  Estimate 


H 


Richards 

65.91 

1 1 .40 

0.067 

Gompertz 

65.54 

— 

3.155 

logistic 

64.85 

— 

0.111 

von  Bertalanffy 

67.22 

-1.85 

0.044 

-0.23 


-3.43 


0.078 


6.20 


Standard  Error 


H 


0.19 

0.59 

<0.01 

0.17 

— 

0.07 

0.25 

— 

0.05 

0.21 

0.14 

<().01 

0.23 


4.55       — 
—  <0.01 


0.44 
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Figure  1.  Fitted  growth  curves,  observed  mean  shell  length  (closed 
circles),  and  SD  (bars)  of  101  quahogs  cultured  in  Clark  Sound,  SC. 

extensively  used  in  the  bivalve  literature  (Kennish  and  Loveland 
1980).  The  von  Bertalanffy  model  has  only  three  parameters,  is 
generally  applicable,  is  not  computationally  difficult,  has  been 
used  in  many  bivalve  age  and  growth  studies  (Brousseau  1979, 
Appeldoom  1983,  Jones  et  al.  1990,  Landry  et  al.  1993;  Walker 
and  Heffeman  1994,  Urban  1996),  and  provides  for  relative  ease 
for  comparisons  among  populations  (Appeldoom  1983,  Jones  et  al. 
1990,  Arnold  et  al.  1991).  The  statistical  difference  between  the 
goodness  of  fit  of  the  von  Bertalanffy  model  and  the  other  models 
in  our  study  was  primarily  due  to  the  incorporation  of  very  young 
individuals  in  the  model,  which  may  not  be  appropriate  or  neces- 
sary as  very  small  individuals  are  rarely  collected  in  population 
samples. 

As  the  Richards,  Gompertz  and  logistic  models  fit  equally  well, 
we  evaluated  these  models  further  for  simplicity  and  biological 
suitability.  The  estimated  age  at  maturity  and  age  to  harvest  size 


TABLE  3. 

K'  and  mean  square  of  residuals  for  individual  and  mean  SL.  and 

deviation  of  predicted  from  observed  age  to  maturity  and  legal  size 

for  harvest  for  each  model  used  to  evaluate  growth  of  101 

known-age  quahogs  held  in  Clark  Sound,  Sf.  Column  values 

followed  by  different  letters  are  significantly  different  (p  <  0.05). 


R- 

Mean  Sq 

uare 

Deviation 
Maturity 

n  Age  (mos) 

Model 

Individual 

Means 

Harvest 

Richards 

Gompertz 

logistic 

von  Bertalanffy 

0.947" 
0.946" 
0.946" 
0.934*' 

21.81" 
22.36" 
22.45" 
25.41" 

0.67" 
2.35" 
0.83" 
7.19" 

0.7 
1.1 
2.0 
0.8 

0.1 
0.5 
0.1 
0.0 

based  on  linear  extrapolation  of  SL  between  sampling  periods  for 
quahogs  in  this  study  was  19.6  and  26.7  mo.  respectively.  The 
predicted  age  at  maturity  and  harvest  size  was  20.3  and  26.8  mo 
for  the  Richards  model,  20.7  and  26.8  mo  for  the  Gompertz  model, 
21.7  and  27.2  mo  for  the  logistic  model,  and  18.8  and  26.7  mo  for 
the  von  Bertalanffy  model.  When  residual  differences  between 
observed  and  predicted  mean  age  at  reproductive  and  legal  harvest 
size  were  compared  for  the  models  with  similar  fit,  the  Richards 
model  predictions  deviated  least  from  observed  values  (Table  3). 
As  the  benefit  of  growth  models  will  be  derived  from  their  pre- 
dictive capabilities,  accurate  prediction  of  biologically  or  economi- 
cally significant  ages  is  important.  When  we  considered  biological 
and  economic  fit  criteria,  as  well  as  statistical  criteria,  we  found 
the  Richards  model  best  represented  the  relationship  between  age 
and  SL  for  quahogs  in  South  Carolina.  We  concur  with  the  rec- 
ommendation of  Jones  et  al.  ( 1990)  that  several  growth  models  be 
evaluated  before  the  selection  of  the  appropriate  model  in  future 
studies  on  the  age  and  growth  of  bivalves. 
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ABSTRACT  We  used  the  electron  transport  system  (ETS)  assay  to  estimate  in  situ  respiration  rates  of  zebra  mussels.  Laboratory 
studies  revealed  a  linear  relationship  (r"  =  0.93)  between  respiration  rates  and  ETS  enzyme  activity  across  all  sizes  of  mussels  tested 
( 10-30  mm  shell  length;  0.03-0.55  g  tissue  wet  mass);  ETS  activity  and  respiration  rates  (mg  0^  mussel"'  h"')  were  both  strongly  and 
similarly  related  to  soft-tissue  wet  mass  (r^  >  0.92).  Zebra  mussels  used  only  6-7%  of  their  ETS  for  respiration  (R);  this  average  R/ETS 
ratio  of  0.06-0.07  did  not  vary  with  mussel  sizes.  Independent  statistical  tests  revealed  that  the  ETS-respiration  rate  relationship 
provided  accurate  estimates  of  respiration  rates  in  zebra  mussel  individuals  and  populations.  After  calibration  of  the  ETS-respiration 
rate  ratio,  we  used  the  relationship  to  estimate  in  situ  oxygen  demand  by  zebra  mussel  populations  in  the  Upper  Mississippi  River. 
There  was  a  strong  relationship  between  oxygen  demand  (mg  O,  m~-  h"')  and  zebra  mussel  density  per  square  ineter  (r"  =  0.93.  p 
<  0.0001).  A  zebra  mussel  population  of  approximately  23.000  individuals/m"  is  estimated  to  have  an  oxygen  demand  of  9.41  g  O, 
m"-  d"'.  twice  as  high  as  that  of  highly  enriched  organic  deposits.  Dense  populations  of  zebra  mussels  are  expected  to  exert  strong 
demands  on  the  oxygen  resources  of  large  rivers, 

KEY  WORDS:     Zebra  mussels.  ETS  assay,  in  situ  metabolic  rates 

INTRODUCTION  because  metabolic  rate  data  for  zebra  mussels  are  scarce 

(Schneider  1992,  Quigley  et  al.   1993,  Alexander  et  al.   1994). 

Zebra  mussels  {Dreissena  polymorpha)  were  introduced  in  Increased  loads  of  organic  inatter  and  sediment  frequently  lead  to 

North  America  in  1983  or  1986.  and  have  subsequently  colonized  rapid  oxygen  depletion  in  large  rivers  (Laws  1993).  Heavy  infes- 

all  of  the  Great  Lakes  and  major  mland  waterways  (Griffiths  et  al.  tations  of  zebra  mussels  in  such  rivers  may  place  an  additional 

1991,  Marsden  et  al.  1991,  Nalepa  and  Schloesser  1992).  A  well-  metabolic  oxygen  demand  (Eftler  and  Siegfried  1994).  To  date, 
known  biofouler  in  its  native  European  environment  (Clarke  1952,  studies  that  have  examined  the  potential  for  zebra  mussel  popula- 
Greenshields  and  Ridley  1957,  Afanas'yev  and  Protasov  1987),  tions  to  deplete  dissolved  oxygen  resources  in  rivers  have  largely 
the  zebra  mussel  has  had  inajor  detrimental  effects  on  municipal  depended  on  simplified  relationships  developed  by  Schneider 
and  industrial  water  intake  facilities  in  North  America  (LePage  (1992)  that  describe  weight-  and  temperature-specific  metabolic 

1992,  Kovalak  et  al.  1992).  Zebra  mussels  are  extremely  efficient  rates  in  lake  zebra  mussels  (Effler  and  Siegfried  1994,  Effler  et  al. 
filter  feeders  and  affect  water  clarity  and  the  aquatic  food-web  by  1996).  These  authors,  however,  acknowledge  the  limitations  of 
removing  large  amounts  of  detritus  and  phytoplankton  (Reeders  using  such  simplified  relationships  for  assessing  the  impact  of 
and  Bij  de  Vaate  1992,  Ludyanskiy  et  al.  1993.  Leach  1993).  zebra  mussels  on  oxygen  resources  (Eftler  and  Siegfried  1994. 
Under  heavy  infestation  levels,  zebra  mussel  populations  are  also  Effler  et  al.  1996).  Zebra  mussel  metabolic  rates  are  dependent  on 
known  to  affect  water  chemistry  and  water  quality  (Mackie  1991,  body  mass,  water  temperature,  and  the  concentration  and  quality  of 
Ludyanskiy  et  al.  1993,  Effler  et  al.  1996).  inorganic  and  organic  suspended  particles,  in  addition  to  other 

The  potential  for  zebra  nius.sels  to  affect  dissolved  oxygen  lev-      environmental   factors  (Schneider   1992,  Quigley  et  al.    1993, 
els  in  the  systems  they  inhabit  is  less  well  documented,  probably      Madon  et  al,  1998).  It  would  be  logistically  impractical  to  assess 
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the  effects  of  all  such  factors  on  zebra  mussel  metabolic  rates  in 
the  laboratory,  and  then  incorporate  these  metabolic  relationships 
into  studies  that  investigate  the  effects  of  natural  populations  of 
zebra  mussels  on  oxygen  resources.  Therefore,  a  method  that  pro- 
vides in  situ  estimates  of  zebra  mussel  metabolic  rales  is  highly 
desired.  One  such  method  is  the  electron  transport  system  enzyme 
assay  (Packard  1971 ). 

The  ETS  method  relies  on  the  fact  that  the  process  of  oxygen 
consumption  in  all  organisms  is  accomplished  via  a  respiratory 
chain  of  enzymes  called  the  electron  transport  system  (Klingen- 
berg  1968).  The  ETS  assay  by  itself  does  not  measure  the  actual 
respiration  rate  of  the  organism,  only  the  potential  respiration  that 
could  be  supported  by  the  existing  enzymatic  machinery  (Packard 
1971).  Therefore,  the  relationship  between  ETS  enzyme  activity 
and  actual  respiration  rate  (measured  as  oxygen  consumption) 
needs  to  be  calibrated  for  the  organism  of  interest  (Cammen  et  al. 
1990).  Such  relationships  may  then  be  used  to  provide  in  situ 
estimates  of  oxygen  consumption  from  measurements  of  ETS  en- 
zyme activity  in  organisms  collected  from  the  field.  This  simple 
method  has  been  successfully  used  to  estimate  metabolism  in  ma- 
rine plankton  (King  and  Packard  1973.  Owens  and  King  1975. 
Bamstedt  1980.  Christensen  et  al.  1980.  Schalk  1988),  freshwater 
plankton  (Devol  1979.  James  1987,  Toth  and  Drits  1990.  delGior- 
gio  1992.  Toth  1992).  bacteria  (Tan  and  Ruger  1989).  benthic 
polychaetes  and  amphipods  (Cammen  et  al.  1990),  and  sediments 
(Zimmerman  1975,  Anderson  and  Helder  1987,  Toth  1992).  Evi- 
dence suggests  that  the  ETS-oxygen  consumption  relationship  dif- 
fers for  various  animal  laxa  (delGiorgio  1992).  Therefore,  for  any 
animal  species,  the  relationship  between  oxygen  consumption  and 
ETS  activity  needs  to  be  determined  under  controlled  laboratory 
conditions  over  a  broad  range  of  respiration  rates.  Other  advan- 
tages of  the  ETS  method  are  ( 1 )  it  is  simple  and  extremely  sensi- 
tive (Packard  1985):  (2)  ETS  responds  slower  to  environmental 
changes  than  respiration,  thereby  precluding  the  inclusion  of  stress 
associated  with  sampling  of  organisms  (Bamstedt  1980);  and  (3) 
animals  can  be  collected,  quick  frozen  until  analysis,  thawed,  and 
measured  for  ETS  activity,  thereby  allowing  measurements  on 
large  numbers  of  samples  (Ahmed  et  al.  1976). 

In  this  study,  we  adapted  the  electron  transport  system  (ETS) 
enzyme  assay  (Packard  1971)  for  zebra  mussels.  First,  we  deter- 
mined the  relationship  between  respiration  rates  and  ETS  enzyme 
activity  for  individual  juvenile  and  adult  zebra  mussels  under  con- 
trolled conditions  in  the  laboratory.  We  then  evaluated  the  ability 
of  this  respiration  rate-ETS  activity  relationship  to  provide  reliable 
estimates  of  respiration  rates  from  ETS  measurements  made  in 
independent  sets  of  zebra  mussel  individuals  and  zebra  mussel 
clumps.  Finally,  we  used  the  respiration  rate-ETS  activity  relation- 
ship to  determine  oxygen  demands  of  zebra  mussels  at  various 
population  densities  in  the  Upper  Mississippi  River. 

MATERIALS  AND  METHODS 


Mussel  Colleclion  and  Maintenance 

We  collected  zebra  mussels  (length  =  10-30  mm)  from  the 
Illinois  River  and  maintained  them  in  the  laboratory  in  filtered 
creek  water  at  20  ±  \"C  for  at  least  2  wk  before  our  experiments 
to  allow  acclimation.  Culture  water  was  collected  from  Quiver 
Creek,  a  tributary  of  the  Illinois  River,  and  was  recirculated  several 
times  daily  through  a  pebble  biofilter  and  a  Triton  TR-60  high  rate 
sand  filter.  Fresh  water  was  pumped  into  the  recirculation  system 
at  least  once  every  week.  Zebra  mussels  were  maintained  on  a  food 


regimen  of  4-6  mg  wet  weight  musseP'  d"'  of  a  commercially 
available  algal  diet  consisting  of  marine  diatoms  Skeletonema  and 
Thallasiosira.  (Diet  B,  Coast  Sea  Food  Company.  Washington). 
Mussels  maintained  in  this  environment  exhibited  good  condition 
as  indicated  by  byssal  thread  production  and  active  siphoning,  and 
low  mortality  (<59f )  for  up  to  5  mo.  Those  mussels  held  in  the 
laboratory  for  over  5  mo  were  not  used  in  our  experiments. 

Respiration  Rates 

We  monitored  respiration  rates  of  zebra  mussels  using  the  ex- 
perimental apparatus  shown  in  Figure  I.  A  60-L  reservoir  con- 
tained 50  L  of  culture-water  mixed  with  food  particles  (Diet  B) 
that  were  kept  in  suspension  via  an  electric  mixer.  A  power  head 
at  the  bottom  of  the  reservoir  continually  pumped  water  up  to  the 
constant  head  delivery  system,  from  where  it  was  delivered  to 
seven  airtight  300  niL  chambers.  Five  experimental  chambers  con- 
tained a  specified  number  of  mussels,  and  two  control  chambers 
contained  no  mussels.  All  chambers  were  placed  on  an  immersible 
multi-stiiTer  plate  in  a  waterbath  maintained  at  20  ±  TC.  An 
aquarium  heater  was  placed  in  the  reservoir  to  maintain  reservoir 
water  at  the  same  temperature.  Food  particles  were  kept  in  sus- 
pension in  each  chamber  via  magnetic  stir  bars.  Mussels  were 
attached  to  plastic  mounting  plates  with  polyacrylate  glue  applied 
on  the  outer  edge  of  one  valve  to  keep  them  above  the  stir  bar. 
Mussels  glued  in  this  manner  are  not  stressed,  and  attach  naturally 
to  the  mounting  plates  via  byssal  threads  within  24  h  (Madon  et  al. 
1998).  Outflow  tubes  led  from  each  chamber  back  into  the  reser- 
voir. In  this  manner,  the  50  L  of  culture-water  and  food  par- 


Kijjurf  I.  A  schinialic  diagram  i)f  the  cxpt'rimfnta!  apparatus.  C  = 
silicone  stopper  on  access  port,  E.C.  =  experimental  chamber,  F.V.  = 
flow  tonlroj  valves,  H  =  aquarium  heater.  M  =  electric  mixer,  M.P.  = 
mounlln^  plate.  P  =  power  head.  R  =  reservoir.  S  =  stir-bars.  S.P.  = 
multi-slirrer  plate,  W.B.  =  water  bath.  Small  arrows  indicate  the  flow 
of  water  conlainlnt;  food  suspensions  through  the  s\slem.  I,ar}>e  arrow 
indicates  a  blow-up  of  experimental  chamber  (K.C.)  to  provide  details. 
I'he  apparatus  consisted  of  seven  outlets  leading  the  food  mixture  from 
the  constant  head  deliverj  system  (C.H.D.S.l  to  seven  separate  evperl- 
mental  chambers.  Only  one  such  setup  is  shown  here  to  simplifv  illus- 
tration. 
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iK'les  ucrc  L■oIl^taml\  ciivulalL-d  through  the  experimental  and  con- 
trol chambers  at  a  rate  of  t).9  L  h"'  during  acclimation  periods  (2 
days).  Because  mussels  were  acclimated  in  the  experimental  cham- 
bers, respiration  rates  could  be  measured  without  disturbing  the 
mussels.  To  measure  respiration  rates,  the  tubes  to  each  chamber 
were  clamped  off  for  a  1-  to  3-h  period.  The  stir-bars  were  left  on 
to  keep  food  particles  suspended  and  water  circulating  within  the 
chambers.  At  the  end  of  the  experimental  period,  we  siphoned 
water  via  an  access  port  from  each  chamber  into  60  niL  BOD 
bottles,  and  made  Winkler  determinations  of  dissolved  oxygen  on 
50  mL  samples.  Oxygen  levels  were  never  allowed  to  drop  below 
80%  saturation  during  the  experiments.  We  calculated  respiration 
rates  (mg  0-,  individual"'  h"'.  and  mg  O,  nig  wet  wt.''  h"')  by  the 
difference  between  the  control  (no  mussels)  and  experimental 
chambers,  and  when  necessary,  adjusting  for  the  nimiber  (and  soft 
tissue  mass)  of  mussels  per  chamber. 

ETS  Enzyme  Activity 

Immediately  after  each  respiration  rate  experiment,  mussels 
were  removed  from  each  chamber  and  measured  for  shell-length. 
Tissues  were  removed  from  the  shells,  weighed  wet.  and  flash- 
frozen  in  liquid  nitrogen.  Procedures  for  measuring  ETS  activity 
were  modified  from  Owens  and  King  ( 1975)  who  measured  ETS 
enzyme  activity  in  marine  zooplankton.  We  modified  the  Owens 
and  King  method,  in  part  to  account  for  the  larger  body  mass  of 
zebra  mussels  by  ( 1)  increasing  the  volumes  of  samples  and  certain 
reagents.  (2)  increasing  the  NADH  concentration  to  provide  maxi- 
mum ETS  activity  in  zebra  mussels  (low  NADH  concentration  limits 
ETS  activity),  (3)  eliminating  NADPH  as  the  substtate  (NADPH 
accounted  for  less  than  10%  of  ETS  activity  and  is  expensive),  and 
(4)  using  the  slope  of  absorbance  to  derive  more  accurate  estimates 
of  ETS  activity,  instead  of  the  end-point  quenching  method  pro- 
posed by  Owens  and  King.  Procedures  for  preparation  of  reagents 
used  in  our  modified  assay  are  given  in  Appendix  A. 

All  ETS  assay  procedures  were  carried  out  in  an  ice  bath  (ap- 
proximately 4°C)  until  absorbance  of  the  final  mixture  was  mea- 
sured. Previously  weighed  zebra  mussel  tissue  (entire  mussel)  was 
removed  from  liquid  nitrogen,  placed  in  a  vial  containing  2-4  mL 
of  ETS-B  solution,  and  allowed  to  thaw.  We  homogenized  the 
tissue  and  ETS-B  for  5  min,  rinsed  the  homogenizer  blade  with 
ETS-B  into  the  vial  to  collect  any  tissue  remaining  on  the  blade, 
and  placed  the  vial  in  an  ice  bath  for  a  few  minutes  to  let  the  foam 
settle.  We  then  diluted  the  homogenized  tissue  with  ETS-B  solu- 
tion to  obtain  a  final  homogenate  concentration  of  .01  g  wet  mass 
tissue  per  milliliter  of  ETS-B  solution.  Next,  we  force-filtered  the 
homogenate  through  a  syringe  attached  to  a  25  mm,  0.8  fim  sy- 
ringe filter,  and  collected  the  cell-free  extract  in  a  small  test  tube 
kept  in  an  ice-bath.  To  a  larger  test  tube,  we  added  2.25  mL  of 
substrate  solution.  0.1  mL  of  the  cell-free  extract.  2.25  mL  of 
phosphate  buffer,  and  1  mL  of  INT  solution,  for  a  total  assay 
volume  of  5.6  inL,  and  a  final  NADH  molarity  of  2.05.  We  placed 
this  assay  solution  in  a  cuvette,  and  immediately  began  measuring 
absorbance  at  490  nm  every  30  sec  for  20  min.  We  recorded  the 
temperature  of  the  assay  solution  in  the  cuvette  initially,  and  every 
5  min  thereafter.  The  temperature  of  the  ETS  solution  stabilized 
near  the  respiration  rate  experimental  temperature  (20°C)  in  ap- 
proximately 15  min.  We  therefore  calculated  ETS  activity  from  the 
slope  of  absorbance  values  between  15  and  20  min.  Formulae  for 
calculation  of  the  ETS  enzyme  activity,  expressed  as  mg  O,  g 
tissue"'  h"'  (ETSg),  and  mg  O,  mussel"'  h"'  (ETS,)  are  as  fol- 
lows: 


ETSg  =  [(A/0.()l5y|(60)*((V*H)/(S*M))*  16]/ 1000: 

and  ETS,  =  ETS,  *  M: 

where  A  =  slope  of  absorbance  ( cm" '  min"'),  V  =  assay  volume 
(mL),  H  =  tissue  homogenate  volume  (liters),  S  =  cell-free  ex- 
tract volume  (mL),  and  M  =  wet  mass  of  soft  tissue  homogenized 
(g).  The  constants  adjust  for  the  extinction  coefficient  of  INT- 
formazan  (0.0159  \xM  L"'  cm"',  Broberg  1985),  conversion  of 
|j,M  INT-forinazan  to  |jLg  O,  (32:2  =  16,  Broberg  1985),  conver- 
sion to  ETS  activity  per  hour  (60  min  h"' ),  and  transformation  of 
oxygen  units  from  |xg  to  mg  O,  (1000). 

We  converted  the  ETS  activity  at  the  incubation  temperature  of 
the  ETS  assay  solution  (T,„J  to  ETS  activity  at  in  situ  tempera- 
tures (T|„„,„),  using  the  Arrhenius  equation  (James  1987): 

ETS,„,,„  =  ETS,„,  exp[E,  (in^,,,,  -  1/T„.„„)/R1. 

where  E,  is  the  activation  energy  assumed  to  be  15  kcul  mol"' 
(Packard  1985),  T  is  the  absolute  temperature  ("K),  and  R  is  the 
gas  constant  (1.987  x  10"'  kcal  mol"'). 

Effects  of  Storage  on  ETS  Activity 

To  examine  the  effects  of  storage  on  ETS  activity,  we  froze  35 
mussels  (25-30  mm)  in  liquid  nitrogen,  and  determined  ETS  ac- 
tivity periodically  on  subsamples  of  5  mussels  over  a  52-day  pe- 
riod. All  mussels  were  raised  under  identical  conditions  for  several 
weeks  before  being  frozen. 

Experiments  for  Calibration  of  Respiration  Rate-ETS 
Activity  Relationship 

Initial  experiments  focused  on  the  establishment  of  a  calibra- 
tion curve  relating  respiration  rate  to  ETS  activity.  We  conducted 
each  calibration  experiment  over  a  7-day  period  using  the  experi- 
mental apparatus  described  previously  (Fig.  1).  After  a  2-day  pe- 
riod during  which  mussels  were  habituated  to  the  desired  food 
level  in  the  experimental  chambers,  we  monitored  respiration  rates 
of  individual  mussels  twice  daily  over  a  5-day  period.  Because 
food  levels  and  temperature  affect  respiration  rates  (Madon  et  al. 
1998;  Alexander  et  al.  1994),  we  held  food  and  temperature  (20  ± 
rC)  constant  during  the  7-day  period.  Although  the  reservoir 
water/food  mixture  was  well-mixed  and  replenished  every  24  h, 
some  fiuctuation  in  food  availability  inevitably  occurred  (coeffi- 
cient of  variation  <I5%).  We  therefore  monitored  respiration  rates 
twice  a  day.  once  before  and  once  after  food  replacement,  in  order 
to  average  respiration  rates  over  the  food  fluctuation.  After  a  5-day 
monitoring  period,  mussel  tissues  were  frozen  in  liquid  nitrogen 
for  the  ETS  assay,  as  described  previously.  We  conducted  the  ETS 
assay  on  each  mussel  within  50  days. 

To  derive  a  calibration  curve  over  a  wide  range  of  respiration 
rates  for  different  mussel  inasses,  we  used  food  concentrations  of 
0.05,  0.10,  0.50,  1.5,  and  2.0  mg  particulate  organic  matter  (POM) 
in  our  experiments.  Each  experiment  used  from  5-6  mussels  of 
different  masses.  Mean  respiration  rates  (averaged  over  the  5-day 
period)  and  subsequent  ETS  activities  were  obtained  for  a  total  of 
26  mussels  ranging  in  size  from  10-30  mm  and  0.03-0.55  g  soft- 
tissue  wet  mass.  Respiration  rates  were  graphed  vs.  ETS  activity 
and  a  calibration  curve  was  formulated  to  predict  in  situ  respiration 
rates  based  on  ETS  activity. 

Independent  Tests  uf  the  Calibration  Curve 

We  conducted  two  sets  of  independent  tests  in  the  laboratory  to 
evaluate  the  accuracy  of  respiration  rates  estimated  from  the  res- 
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piiation  rate-ETS  activity  calibration  curve.  Water  temperature 
during  tlie  independent  test  experiments  was  maintained  at  20  ± 
1°C.  In  the  first  set  of  tests,  we  measured  respiration  rates  and  ETS 
activity  in  28  individual  zebra  mussels  of  10-30  mm  length  and 
0.027-0.60  g  soft-tissue  mass,  using  the  food  levels  and  proce- 
dures described  for  the  calibration  curve  experiments.  We  then 
used  the  ETS  activity  measurements  to  estimate  respiration  rates  of 
the  mussels  from  the  calibration  curve,  and  compared  these  esti- 
mates with  measured  respiration  rates  for  each  mussel. 

In  the  second  set  of  tests,  we  evaluated  whether  the  calibration 
curve  could  provide  reliable  estimates  of  individual  respiration 
rates  from  ETS  measured  in  zebra  mussel  clumps.  We  conducted 
five  clump  experiments.  For  each  experiment,  we  randomly  placed 
10  mussels  ranging  in  size  from  5-30  mm  in  each  of  five  experi- 
mental chambers,  and  measured  their  respiration  rates  according  to 
the  procedure  described  for  the  calibration  experiment.  Immedi- 
ately following  each  experiment,  we  removed  the  tissue  from  the 
shells,  weighed  the  soft-tissue  en  masse  of  each  chamber,  and 
preserved  it  in  liquid  nitrogen.  We  homogenized  mussels  from 
each  chamber  together  in  a  single  vial,  and  determined  the  ETS 
activity  for  the  entire  clump.  Average  respiration  rate  per  indi- 
vidual in  each  clump  was  estimated  by  dividing  ETS  activity  by 
the  number  of  mussels  in  a  clump,  and  applying  the  resulting  value 
to  the  respiration  rate-ETS  calibration. 

We  compared  respiration  rates  estimated  via  the  ETS- 
respiration  rate  calibration  with  actual  respiration  rales  for  indi- 
vidual zebra  mussels  and  zebra  mussel  clumps  using  ( 1 )  partition- 
ing of  mean  square  error,  (2)  bonferroni  joint  confidence  intervals. 
and(3)  theLeggett  and  Williams  (1981)  reliability  index  (see  Rice 
and  Cochran  1984  for  details  on  each  test).  In  the  first  test,  if 
proportional  mean  square  errors  of  the  mean  and  slope  components 
are  close  to  0.  and  if  the  residual  component  is  close  to  1,  then  the 
calibration  is  considered  adequate.  Bonferroni  joint  confidence 
intervals  test  the  null  hypothesis  that  the  intercept  and  slope  of  the 
regression  of  estimated  versus  actual  values  are  0  and  1,  respec- 
tively, indicating  that  the  regression  is  not  different  from  a  1 : 1  line. 
A  reliability  index  (k)  greater  than  1  indicates  the  factor  by  which 
estimated  values  differ  from  actual  values.  If  a  model  prediction  is 
reliable.  68%  of  all  possible  actual  values  are  expected  to  lie 
between  1/k  and  k  times  the  estimated  values. 

ETS  Estimation  of  Respiration  Rates  in  Mississippi  River 
Zebra  Mussels 

Zebra  mussels  were  collected  from  the  Upper  Mississippi  River 
at  River  Mile  217  in  July  1995  (water  temperature  =  29°C). 
Surface  supply  divers  collected  all  zebra  mussels  from  inside  1/16 
m~  quadrants.  We  selected  approximately  20-30  mussels  of  dif- 
ferent sizes  from  each  quadrant,  and  measured,  removed  soft  tis- 
sues from  shells,  weighed  the  soft  tissue  individually,  and  pre- 
served them  in  liquid  nitrogen  for  the  ETS  assay.  All  remaining 
mussels  in  each  quadrant  were  counted  and  measured  with  the 
number  and  length  of  frozen  mussels  added. 

In  the  lab,  we  separated  the  frozen  mussels  from  each  quadrant 
into  size  classes  of  <5  mm,  5-10  mm,  I  1-20  mm,  21-30  mm,  and 
3 1^0  mm.  Mussels  <5  mm  could  not  be  removed  effectively  from 
their  shells,  and  were  therefore  not  included  in  further  analysis.  We 
ground  all  mus.sels  in  each  size-class  together,  and  performed  the 
ETS  assay  on  the  resulting  homogenate.  The  ETS  value  thus  ob- 
tained was  divided  by  the  number  of  mussels  (n)  in  each  size-class. 


and  the  ETS-respiration  rate  calibration  curve  was  used  to  estimate 
the  respiration  rate  for  the  ETS/n  value.  Total  oxygen  demand  for 
a  quadrant  was  calculated  by  multiplying  the  number  of  mussels  in 
each  size  class  by  the  appropriate  ETS/n,  and  then  summing  the 
results. 

RESULTS 

Respiration  Rate-ETS  Calibration 

Respiration  rates  and  ETS  activity  of  zebra  mussels  were  both 
strongly  coixelated  with  wet  body  mass  (Fig.  2).  These  relation- 
ships are: 

Log, II  (respiration  rate)  =  1.164  log,,,  (wet  mass)  -  3.995; 

(r-  =  0.92;  F,,  ;j,  =  274.6;  n  =  26;  p  <  0.0001 )  and, 

Log,„(ETS)=  1.101  log,,,  (wet  mass) -2.643; 

(r'  =  0.91;  F,,, 4,  =  232.2;  n  =  26;  p  <  0.0001 ) 

Homogeneity  of  slopes  test  revealed  that  respiration  rates  and  ETS 
activity  scaled  in  a  similar  fashion  to  wet  mass  (p  =  0.53;  Fig.  2). 
However.  ETS  activity  was  significantly  higher  than  respiration 
rates  across  mussels  of  all  sizes  (Fig.  2;  ANCOVA  with  wet  mass 
as  a  covariate,  F,  4^  =  795.4,  p  <  0.0001).  The  average  ratio  of 
respiration  rate  to  ETS  activity  (R/ETS)  consequently  remained  at 
approximately  0.06-0.07  across  mussels  of  all  sizes  (Fig.  3). 

Respiration  rates  and  ETS  activity  of  zebra  mussel  individuals 
were  strongly  correlated  (Fig.  4)  and  the  equation  given  below 
describes  the  relationship. 

Log,,,  (respiration  rate)  =  1.012  log,,,  (ETS)  -  1.209; 

(r-  =  0.93;  F, ,  .,,  =  310.0;  n  =  26;  p  <  0.0001 )  . 

Mass-specific  respiration  rates  and  ETS  activity  (mg  O^  g  wet 
mass"'  h"' )  of  zebra  mussels  were  also  con-elated,  although  not  as 
strongly  as  per  individual  rates  (Fig.  5): 

Mass-specific  respiration  rate  =  0.054  (ETS)  +  0.03; 
(r-  =  0.56l;F,,  ,4,  =  30.7;  n  =  26;  p<  0.0001). 


10.000  F 


0.001 


1000 


Wet  mass  (mg) 

Figure  2.  Log-log  regressions  relating  ETS  activity  (A)  and  respira- 
tion rales  (•)  to  wet  soft-tissue  body  mass  of  zebra  mussels.  Units  for 
both  yariahles  are  mg  O,  mussel  '  h  '.  ETS  activity  yvas  measured  as 
absorbance  units  and  converted  to  oxygen  equiyaients  as  described  in 
text. 
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Figure  3.  Relationship  between  respiration  rate:ETS  activity  ratio 
(R:ETS  ratio:  both  variables  are  mg  (),  mussel"'  h"')  and  \»et  tissue 
mass  of  whole  mussels.  The  regression  is:  R/ETS  =  O.OOOOI*(VNet  mass) 
+  0.062:  r-  =  O.OOy,  p  =  0.65,  n  =  26. 
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Figure  5.  Log-log  regression  relating  wet  mass-specific  respiration 
rates  of  individual  zebra  mussels  to  their  wet  mass-specific  ETS  activ- 
ity. Different  symbols  indicate  various  food  levels  (mg  POM/L)  used  in 
our  experiments:  (•)  0.05,  (  ♦ )  0.1,  (▲)  0.5,  (D)  1.5,  (V)  2.0. 


A  log-log  transformation  on  mass-specific  respiration  rates  and 
ETS  activity  resulted  in  a  further  breakdown  in  the  above  relation- 
ship (r=  =  0.373:  F,,  ,4,  =   14.3:  n  =  26:  p  <  0.001). 

Because  respiration  rates  and  ETS  activity  of  zebra  mussel 
individuals  co-vary  with  body  mass,  we  also  tested  whether  dif- 
fering respiration  rates  due  to  different  food  levels  in  mussels  of 
similar  body  mass  were  correlated  to  ETS  activity.  Only  4  of  26 
mussels  that  we  used  for  the  calibration  were  similar  in  wet  body 
mass  (280-295  mg)  and  also  exhibited  a  wide  range  of  respiration 
rates.  Our  analysis  revealed  that  any  changes  in  respiration  rate 
would  be  reflected  in  changes  in  ETS  activity  in  mussels  of  similar 
body  mass  (Fig.  6). 

Effects  of  Storage  on  ETS  Activity 

Average  mass-specific  ETS  activity  did  not  change  signifi- 
cantly after  storage  of  mussels  in  liquid-N  for  52  day  (Fig.  7). 
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Figure  4.  I^og-log  calibration  regression  relating  respiration  rates  of 
individual  zebra  mussels  to  their  ETS  activity.  Different  symbols  in- 
dicate various  food  levels  (mg  POM/L)  used  in  our  experiments:  (•) 
0.05,  (  ♦  )  0.1,  (A)  0.5,  (D)  L5,  (7)  2.0. 


Independent  Tests  of  Calibration 

Partitioning  of  mean  square  error  of  regressions  of  individual 
zebra  mussel  respiration  rates  predicted  from  the  ETS-respiration 
rate  calibration  and  actual  respiration  rates  revealed  that  only  1.2% 
of  errors  were  attributable  to  the  systematic  component,  and  the 
majority  of  the  errors  were  random  (Table  1 ).  Bonferroni  joint 
confidence  intervals  revealed  that  the  regressions  of  predicted  on 
actual  respiration  rates  included  an  intercept  of  0  and  a  slope  of  1 
(Table  1 ).  and  were  not  different  from  the  y  =  .v  line  (1:1  line).  The 
reliability  index  (k)  was  1.6  (Table  1). 

Partitioning  of  mean  square  error  of  regressions  of  respiration 
rates  of  zebra  mussel  clumps  predicted  from  the  ETS-respiration 
rate  calibration  and  actual  respiration  rates  revealed  that  only  0. 1  % 
of  errors  were  attributable  to  the  systematic  component  (Table  1 ). 
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Figure  6.  Regression  relating  respiration  rates  of  similar-sized  zebra 
mussels  (280-295  mg  wet  tissue  mass)  to  their  ETS  activity.  The  re- 
gression is:  Respiration  rate  =  0.118*ETS  -  0.099:  r=  =  0.933,  p  =  0.03. 
Different  symbols  indicate  various  food  levels  (mg  POM/L)  used  in  our 
experiments:  (  ♦  )  0.1,  (D)  1.5,  (V)  2.0. 
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Figure  7.  Mean  wet  mass-specific  ETS  activity  (±95%  confidence  lim- 
its) of  zebra  niusscl.s  (n  =  5  mussels/datum)  stored  In  liquid  nitrogen 
between  0-52  days. 


Bonferroni  joint  confidence  intervals  revealed  that  the  regressions 
of  predicted  on  actual  clump  respiration  rates  included  an  intercept 
of  0  and  a  slope  of  1  (Table  1 ).  and  were  not  different  from  the 
v  =  .v  line  (1:1  line).  The  reliability  index  (k)  was  1.3  (Table  1). 

ETS  Estimation  of  Respiration  Rates  in  Mississippi  River 
Zebra  Mussels 

Mussels  less  than  5  mm  had  the  highest  mean  abundance  but 
were  not  included  in  the  oxygen  demand  estimates  (Fig.  9).  Of  the 
four  size  classes  for  which  oxygen  demand  was  estimated,  mussels 
m  the  1  1-20  mm  size  range  were  most  abundant  and  subsequently 
had  the  highest  total  oxygen  demand,  followed  by  those  in  the 
21-30  mm  and  31—10  mm  size  classes,  respectively  (Fig.  8). 

Estimated  oxygen  demand  by  zebra  mussels  at  the  five  sites 
tested  ranged  from  28.8-392.0  mg  O,  m^~  h"'.  and  increased  in  a 
linear  fashion  by  13.6-fold  as  mussel  densities  increased  from 
1,696  mussels/m"  to  23.328  niussels/m~  (Fig.  9).  The  relationship 
between  estimated  oxygen  demand  and  mussel  density  was; 

Oxygen  demand  =  0.015  (mussel  density)  +  51.3; 


(r  =  0.93,F,, 


=  40.0:  p  =  0.008) 


DISCUSSION 

The  relationship  between  individual  respiration  rates  and  ETS 
activity  of  zebra  mussels  was  particularly  striking,  and  reveals  that 
ETS  activity  may  serve  as  a  useful  indicator  of  metabolic  activity 
of  zebra  mussels  in  natural  systems.  Smith  and  Chong  (1982)  have 
pointed  out  several  criteria  that  ETS  activity  must  satisfy  if  it  is  to 
be  used  as  an  in  situ  indicator  of  metabolic  activity:  ( 1 )  There  must 
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Figure  8.  Mean  density  and  mean  oxygen  demand  of  zebra  mussels  of 
various  size-classes  in  the  Mississippi  River.  Mean  values  are  derived 
from  mussel  densities  and  oxygen  demand  measured  at  five  sites.  In- 
situ  respiration  rates  were  estimated  from  the  respiration  rate-KTS 
calibration  (Fig.  4)  using  F,TS  activity  measured  in  mu.ssels  collected 
from  the  Mississippi  River.  (*)  indicates  that  oxygen  demand  of  mus- 
sels <5  mm  was  not  measured. 


be  no  acute  adaptation  of  ETS  activity  within  the  time  taken  to 
collect  and  stabilize  samples:  (2)  ETS  activity  must,  however, 
adapt  eventually  to  changes  in  the  overall  level  of  metabolism,  but 
not  within  the  sampling  time  frame:  and  (3)  ETS  activity  should 
have  an  allomelric  relationship  with  body  mass,  with  the  same 
exponent  value  as  respiration  rate. 

The  first  criteria,  that  no  acute  changes  occur  in  ETS  activity 
while  sampling  and  processing  zebra  mussels,  was  not  directly 


TABI  E  1. 

Partitioning  of  mean  square  error,  Bonferroni  Joint  Confidence  Intervals,  and  reliability  index  (A)  tests  of  the  respiration  rate — ETS 

activity  calibration. 
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Figure  9.  Regression  relating  oxjgen  demand  bv  zebra  mussels  at  five 
sites  «ith  different  mussel  densities  in  the  Mississippi  River.  In  situ 
respiration  rates  were  estimated  from  the  respiration  rate-ETS  cali- 
bration (Fig.  4)  using  ETS  activity  measured  in  mussels  collected  from 
those  sites. 


tested  in  this  study.  However  there  is  compelling  evidence  that 
indicates  that  ETS  activity  is  not  affected  by  immediate  sampling 
stress.  The  response  of  ETS  activity  involves  the  synthesis  and 
degradation  of  macroenzymes,  and  therefore  is  considerably 
slower  than  the  response  in  respiration  rate  (Packard  1985).  Bam- 
stedt  (1990)  reported  that  ETS  activity  in  the  copepod,  Acanin 
tonsa.  takes  3-4  days  to  attain  equilibrium  in  direct  response  to 
changes  in  the  environment.  Therefore,  we  allowed  at  least  seven 
days  for  ETS  activity  to  equilibrate  to  any  particular  food  level 
condition  in  our  calibration  experiments. 

The  second  criteria,  that  ETS  activity  must  eventually  adapt  to 
changes  in  overall  levels  of  metabolism,  was  supported  by  this 
study.  The  tasks  of  feeding  and  respiration  are  both  accomplished 
by  the  gills  in  zebra  mussels,  as  in  other  bivalves,  and  respiration 
rates  typically  increase  with  filtration  and  ration  (Bayne  and  New- 
ell 1983).  In  this  study,  acclimation  to  different  food  levels  re- 
sulted in  differing  mass-specific  respiration  rates  of  zebra  mussels, 
which  were  reflected  by  proportional  variations  in  mass-specific 
ETS  activity  (Figs.  5  &  6). 

Our  results  support  those  of  King  and  Packard  (1975)  who 
report  constant  R/ETS  ratios  in  marine  zoopiankton  of  body  mass 
spanning  two  orders  of  magnitude.  Zebra  mussel  respiration  rates 
and  ETS  activity  exhibited  strong  allometric  relationships  with 
body  mass  and  had  similar  allometric  slopes,  thus  satisfying  the 
third  criterion.  Because  respiration  rates  and  ETS  activity  scaled  in 
a  similar  fashion  to  body  mass,  the  ratio  of  these  two  parameters 
(R/ETS)  remained  constant  across  mussels  of  0.03-0.55  g  wet 
body  mass.  Body  mass  appeared  to  be  an  important  covariate 
affecting  respiration  rates  and  ETS  activity.  This  explains  why  the 
relationship  between  respiration  rate  and  ETS  activity  was  not  as 
strong  when  these  parameters  were  standardized  to  a  common 
body  mass.  Thus,  we  suggest  the  use  of  a  calibration  based  on 
per-individual,  rather  than  on  mass-specific  rates,  to  estimate  in 
situ  respiration  rates. 

King  and  Packard  (1975)  found  that  R/ETS  ratios  of  marine 
zoopiankton  stay  constant  across  temperatures  ranging  from  8- 
27°C.  In  zebra  mussels,  it  is  likely  that  respiration  rate  and  ETS 
activity  covary  in  a  similar  fashion  and  that  R/ETS  ratios  stay 
constant  across  a  broad  range  of  temperatures.  However,  the  tem- 


perature-dependence aspect  of  R/ETS  ratios  in  zebra  mussels  re- 
quires further  study. 

R/ETS  ratios  reflect  a  fraction  of  the  ETS  enzymatic  machinery 
used  in  respiration.  Zebra  mussels  in  this  study  used  only  6-7%  of 
the  total  ETS  apparatus  for  respiration.  Low  R/ETS  ratios  are 
typical  of  relatively  sedentary  organisms  while  more  active  organ- 
isms typically  exhibit  high  R/ETS  ratios.  For  example.  R/ETS 
ratios  of  0.12  for  diatoms  and  green  algae.  0.17  for  protozoans. 
0.34  for  marine  zoopiankton  (delGiorgio  1992).  and  0.63-0.71  for 
myctophid  fish  (Ikeda  1989)  have  been  reported.  Shumway  (1979) 
and  Cammen  et  al.  (1990)  have  shown  that  sedentary  polychaetes 
have  lower  R/ETS  ratios  than  those  that  have  more  active  life- 
styles. However,  low  R/ETS  ratios  in  these  polychaetes  may  be 
because  these  organisms  often  exist  in  anaerobic  sediments,  and 
may  draw  energy  from  anaerobic  pathways  (Cammen  et  al.  1990). 
Conversely.  King  and  Packard  (1975)  show  that  R/ETS  ratios  for 
several  species  of  marine  zoopiankton  decline  gradually  as  zoo- 
plankton  body  mass  increases  over  5  orders  of  magnitude.  It  is 
therefore  likely  that  the  low  R/ETS  ratios  in  zebra  mussels  simply 
reflect  the  5  orders  of  magnitude  size  dependency  of  R/ETS  ratios. 

Field  Application  of  ETS  Method 

Our  respiration  rate-ETS  activity  relationship  was  a  reliable 
predictor  of  respiration  rates  in  zebra  mussel  individuals,  as  well  as 
zebra  mussel  clumps.  The  ETS  method  can  be  readily  applied  to 
estimate  respiration  rates  of  zebra  mussel  populations  in  the  field. 
Our  ETS-respiration  rate  calibration  was  based  on  zebra  mussels  in 
the  10-30  mm  size  range,  yet  accurately  predicted  respiration  rates 
in  mussel  clumps  that  included  individuals  in  the  5-10  mm  size 
range.  Because  R/ETS  ratios  seem  to  remain  similar  across  all 
mussel  sizes,  we  believe  that  the  ETS-respiration  rate  calibration 
accurately  estimates  respiration  rates  of  mussels  outside  the  origi- 
nal size  range. 

Zebra  mussels  are  known  to  achieve  extremely  large  popula- 
tions in  natural  systems,  and  at  high  densities  may  have  severe 
impacts  on  dissolved  oxygen  resources.  Even  well-mixed  systems 
such  as  large  rivers  may  show  low  dissolved  oxygen  levels  when 
oxygen  demand  exceeds  the  rate  of  replacement  (Laws  1993). 
Effler  and  Siegfried  ( 1994)  report  that  a  zebra  mussel  population 
of  33.200  mussels  m'"  in  the  Seneca  River.  NY  (24-25.5°C), 
exhibits  an  oxygen  demand  of  20.1  g  O,  m~"  d''.  A  more  com- 
prehensive study  of  oxygen  depletion  by  zebra  mussels  in  the 
Seneca  River  estimates  an  oxygen  demand  of  39.4  g  m""  d"  at 
zebra  mussel  density  of  approximately  40.000  individuals/nr  (Ef- 
fler et  al.  1998).  Our  estimate  of  9.41  g  O.  for  the  Upper  Missis- 
sippi River  mussels  is  lower  than  that  reported  by  Effler  and  Sieg- 
fried (1994)  and  Effler  et  al.  ( 1998).  a  result  likely  explained  by  the 
difference  in  mussel  densities  (23,328  mussels  m"",  this  .study), 
and  the  absence  of  mussels  <5  mm  in  our  analysis.  However,  our 
highest  estimated  oxygen  demand  of  9.41  g  O,  m"~  d~'  (at  29°C) 
was  approximately  twice  as  high  as  that  of  highly  enriched  organic 
deposits  (Effler  and  Siegfried  1994)  and  illustrates  the  potential 
impact  of  zebra  mussels  on  oxygen  resources  in  large  rivers.  Dur- 
ing 1993  to  1994,  several  areas  of  the  Illinois  and  Upper  Missis- 
sippi Rivers  with  dense  populations  of  zebra  mussels  (1,000- 
61,000/m")  showed  extremely  low  dissolved  oxygen  levels  (1.7- 
3.0  mg/L);  during  this  time,  consistently  higher  than  normal 
summer  water  temperatures  (>28°C)  and  low  water  levels  and  flow 
rates  potentially  caused  low  oxygen  replacement  rates  (personal 
communication,  S.  D.  Whitney.  Illinois  Natural  History  Survey, 
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LTRMP  Field  Station.  Havana.  IL.  USA).  Normally,  the  average 
dissolved  oxygen  concentration  ranges  from  4.3-9.5  mg/L  in  these 
systems  (Butts  et  al.  1981).  Low  dissolved  oxygen  levels  during 
1993-1994  were  implicated  in  the  subsequent  mortality  of  zebra 
mussels  (>99%),  native  unionid  mussels,  and  several  fish  species 
including  gar.  catfish,  buffalo,  and  carp  (S.  D.  Whitney,  pers. 
comm..  Illinois  Natural  History  Survey.  LTRMP  Field  Station. 
Havana.  IL.  USA).  Our  estimate  of  oxygen  demand  is  conservative 
as  it  does  not  include  respiration  by  mussels  <5  mm.  the  most 
abundant  size  class  found  at  our  sites.  Mussels  <5  mm  were  not 
included  in  ETS  analysis  because  whole  tissue  could  not  be  effi- 
ciently scooped  from  the  shells.  Future  studies  could  include  this 
size  class  in  ETS  analysis  by  simply  grinding  the  entire  organism 
with  the  shell  intact  for  ETS  enzyme  extraction. 

Because  ETS  is  closely  and  fundamentally  related  to  respira- 
tion rates,  future  ecological  studies  could  conceivably  use  ETS 
activity  alone  as  an  indicator  of  in-situ  metabolism  of  zebra  mus- 
sels in  various  habitats.  The  conversion  of  ETS  activity  to  respi- 
ration rates  may  be  unnecessary  in  such  cases.  Unlike  zebra  mussel 
populations  in  lentic  systems  in  North  America,  population  in  large 
turbid  rivers  have  steadily  declined  after  initial  colonization 
(Strayer  et  al.  1996.  Madon  et  al.  1998).  It  is  believed  that  over- 
grazing of  phytoplanklon  by  zebra  mussels  (Caraco  et  al.  1997). 
competition  for  food  between  adult  and  young-of-year  mussels 
(Strayer  et  al.  1996),  and  direct  negative  interference  of  inorganic 
sediment  with  feeding  and  assimilation  processes  (Madon  et  al. 
1998)  may  have  contributed  to  the  decline  of  zebra  mussel  popu- 
lations in  turbid  rivers.  We  are  currently  exploring  the  potential 
uses  of  the  ETS  method  in  investigations  of  in  situ  seasonal  en- 
ergetic dynamics  of  zebra  mussels  in  riverine  habitats  with  varying 
environmental  conditions.  In  such  studies,  glycogen  and  lipid  con- 
tent will  serve  as  estimators  of  energy  storage,  whereas  ETS  ac- 
tivity estimates  energy  costs  in  mussels  living  in  habitats  with 
varying  levels  of  food  and  sediment.  Such  energy  storage  and  cost 
components  can  be  estimated  in  mussels  of  various  sizes  (ages)  to 
examine  size-  (age-)  specific  energetic  dynainics  in  these  systems. 
Such  in  situ  assays  may  also  be  applied  to  lentic  mussel  popula- 
tions. 

Our  study  shows  that  zebra  mussels  may  be  collected  and  fro- 
zen for  up  to  52  days  with  very  little  change  in  ETS  activity, 
thereby  permitting  analysis  on  a  large  number  of  temporally  and 
spatially  discrete  samples.  A  particularly  useful  aspect  of  the  ETS 
method  is  that  it  is  slow  to  respond  to  environmental  factors,  and 
would  therefore  preclude  the  effects  of  sampling  stress  on  zebra 
mussels.  For  this  saine  reason,  however,  ETS  activity  will  yield 
biased  estimates  if  instantaneous  respiration  rates  are  desired.  ETS 
activity,  because  of  it's  lag  in  response  to  environmental  factors,  is 
a  more  useful  estimator  of  long-term  respiration  rates,  which  are 
more  useful  in  ecological  research. 


APPENDIX  A 

Preparation  of  Reagents  used  in  the  ETS  Enzyme  Assay  for 
Zebra  Mussels 

(1)0.1  M  Phosphate  Buffer 

Mix  106  mL  of  0.1  M  KH.POj  with  894  niL  of  0.1  M 
NaoHPOj  and  adjust  the  pH  to  8.5  using  Na,CO,  and  HCl.  This 
solution  may  be  made  ahead  of  time  and  refrigerated  for  up  to 
3  wk. 

(a)  O.I  M  KH.POj  Solution:  Dissolve  13.6  g  of  KH^POj  in 
double  distilled  water  and  make  up  to  1  L  volume. 

(b)  O.I  M Na^HPO.,  Solution:  Dissolve  14.2  g  of  Na^HPOj  in 
double  distilled  water  and  make  up  to  1  L  volume. 

(2)  ETS-B  Solution 

Dissolve  9.0  mg  MgSOj.  1 .5  g  polyvinylpyrolidone  (PVP).  and 
2.0  mL  of  Triton  X-100  in  0.1  M  phosphate  buffer  and  make  up  to 
1  L  volume  with  phosphate  buffer.  This  solution  may  be  made 
ahead  of  time  and  refrigerated  for  up  to  3  wk. 

(J)  Substrate  Solution 

Dissolve  10  mg  reduced  NADH  and  50  p.L  Triton  X-100  in  0.1 
M  phosphate  buffer,  and  inake  up  to  25  mL  with  phosphate  buffer 
for  a  5.12  mM  solution  of  NADH.  This  solution  must  be  made 
fresh  before  each  run.  Solution  is  stable  for  approximately  2  h, 
alter  which  new  solution  should  be  made. 

(4)  INT  Solution 

Dissolve  100  mg  of  2-(p-iodophenyl)-3-(p-nitrophenyl)-5- 
phenyl  tetrazolium  chloride  (INT)  in  50  mL  of  double  distilled 
water  and  adjust  pH  to  8.5  using  Na-jCO,  and  HCl.  With  plain 
filter  paper,  filter  off  any  undissolved  tetrazolium.  then  freeze  the 
solution  until  needed.  For  the  assay,  defrost  INT  solution  in  a 
water  bath,  and  when  melted,  keep  in  ice. 
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ABSTRACT  Seed  clams  are  a  major  cost  for  shellfish  planters.  Buying  small  hatchery  seed  and  conducting  the  nursery  in  the  estuary 
could  reduce  seed  costs.  We  designed  experiments  to  examine  the  biological  and  economic  feasibility  of  growing  seed  clams  to  planting 
size  ( 10  mm)  in  polyethylene  (poly)  and  nylon  mesh  bags  under  commercial  conditions.  An  initial  study  examined  stocking  densities 
ranging  from  2000  to  6000  5  mm  seed  per  poly  bag  (0.5-1.4  clam  per  cm")  in  on-  and  off-bottom  configurations.  We  then  examined 
two  types  of  mesh  bags  (poly  and  tented  soft  nylon)  at  two  sites.  There  were  significant  differences  in  size  and  total  volume  of  clams 
recovered  between  sites.  Within  a  site  there  were  no  significant  differences  in  seed  size  with  bag  type  or  position.  Economic  analysis 
indicates  that  on-bottom  poly  mesh  bags  are  a  viable  alternative  for  a  hard  clam  seed  nursery,  but  careful  attention  to  seed  cost,  bag 
maintenance  (to  assure  adequate  growth  and  survival),  and  measurement  of  resulting  production  will  be  essential  to  profitability. 


INTRODUCTION 

Seed  clams  are  a  major  cost  for  hard  clam.  Merceiuuia  luer- 
cenaria.  aquaculturists.  The  cost  of  seed  may  be  >60%  of  the  total 
costs  of  producing  the  final  product  (Adams  et  al.  1991).  The 
industry  typically  plants  clams  that  are  10  mm  or  larger  under 
mesh  stretched  over  the  bottotn  and  allows  these  seed  to  grow  to 
marketable  si/.e.  In  New  Jersey,  standard  field  plots  average 
15,000  seed  (10-1?  mm  seed  @  500-600  clams  per  m^).  Other 
than  the  seed,  the  additional  planting  costs  are  lease  fees,  predator 
exclusion  mesh,  hold  down  devices,  stakes,  boat  time,  and  labor. 
Losses  after  planting  are  attributable  to  a  variety  of  factors,  but 
predation  is  typically  the  dominant  cause  of  ongoing  losses.  Plant- 
ing seed  smaller  than  10  mm  increases  these  losses.  Hatcheries 
produce  seed  and  grow  it  to  plantable  size  in  a  variety  of  shore 
based  sites  using  pumped  water  or  heavily  protected  nursery  sys- 
tems in  nearby  estuaries.  Plantable.  10  mm.  seed  typically  costs 
$20.00-$25.00/1000.  Small  seed  (4-5  mm)  can  be  purchased  from 
hatcheries  for  $8-314/1000.  The  smaller  seed  are  usually  available 
throughout  the  summer,  but  larger  plantable  seed  can  become 
scarce.  Buying  small  hatchery  seed  and  conducting  the  nursery 
stage  in  the  estuary  has  been  proposed  as  a  method  to  reduce  seed 
costs,  but  there  have  been  few  attempts  to  evaluate  the  efficacy  and 
economic  efficiency  of  these  proposals. 

To  be  cost  effective,  alternate  systems  need  to  produce  plant- 
able  clams  for  less  cost  than  equivalent  size  seed  purchased  from 
hatcheries.  Recently,  a  modification  of  an  onshore  system  using 
tidal  currents  to  force  water  flow  over  clams  held  in  mesh  bottom 
(upweller)  containers  has  been  shown  to  be  an  effective  means  of 
producing  seed  (Baldwin  et  al.  1995).  Another  potential  method  is 
to  place  seed  in  protection  devices  at  selected  field  sites  and  allow 
nature  to  supply  the  food  and  the  energy  needed  to  maintain  water 
flow.  Walker  and  Hurley  (1995)  examined  the  effectiveness  of 
bags  as  a  means  of  growing  hard  clams  to  market  size.  Their 
experiments  generally  indicated  poor  survival  of  small  (<6  mm) 


seed  in  their  bag  systems.  In  addition,  seed  placed  in  the  field  in 
October  had  poorer  survival  than  those  planted  in  August.  Our 
study  examines  the  feasibility  of  growing  seed  from  5  mm  in  late 
spring  or  early  summer  to  field  plantable  sizes  in  field  nursery 
plots  based  on  polyethylene  (poly)  and  nylon  mesh  bags. 

MATERIALS  AND  METHODS 

Three  experiments  were  conducted  in  a  sequence  to  establish 
density,  location  (on-  or  off-bottom),  bag,  type,  and  production 
economics.  The  goal  was  to  refine  the  sy.stem  in  terms  of  growth, 
survival  and  economics  as  we  proceeded. 

The  first  experiment  examined  the  density  that  could  be  sup- 
ported in  poly  mesh  bags  48  x  91  cm  (19"  x  36")  in  both  on-  and 
off-bottom  configurations  (Table  1).  The  off-bottom  configuration 
consisted  of  bags  attached  to  a  rack  made  of  concrete  reinforcing 
rod  (rebarl.  Each  rack  supported  six  bags  of  clams  approximately 
6  cm  off  the  bottom.  Clams  were  graded  to  5  mm  size,  three  lots 
of  100  clams  were  used  to  determine  the  volume  per  clam  and  lots 
were  apportioned  into  bags  at  the  densities  indicated  in  Table  1. 
Each  bag  was  then  randomly  assigned  to  either  a  rack  or  bottom 
position.  Bags  were  placed  in  the  field  August  31.  and  after  27 
days  the  bags  were  emptied  and  the  number  of  clams  that  were 
field  plantable  ( 1 2.5  mm  or  larger)  was  determined. 

The  second  experiment  also  utilized  5  mm  seed  and  examined 
on-  and  off-bottom  poly  mesh  bags  (Fig.  1 )  at  two  sites  (A  and  B). 
and  compared  these  with  on-bottom  nylon  mesh  bags  (Table  2). 
This  expenment  was  conducted  in  2  separate  years.  During  the 
first  year,  poly  bags  measured  48  x  91  cm  (19"  x  36")  and  the 
nylon  bags  91  x  91  cm  (36"  x  36"),  and  during  the  second  year  poly 
bags  were  46  x  102  cm  (18"  x  40")  and  the  nylon  bags  remained 
the  same.  The  density  of  clams  placed  in  these  bags  was  selected 
to  be  intermediate  between  those  used  in  the  previous  experiment 
(3000  clams  per  poly  mesh  and  6000  clams  per  nylon  mesh). 
Nylon  mesh  bags  had  twice  the  surface  area  of  the  poly  mesh  bags. 
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TABLE  1. 

Experimental  design  and  results  from  a  density  experiment  lasting 

27  days.  Experimental  seed  were  all  5  mm  and  plantable  seed  were 

12.5  mm  or  larger. 


TABLE  2. 

Experimental  design.  Hard  clam  (Mercenaria  mercenaria)  field 

nursery  in  poly  and  nylon  mesh  bags.  Nylon  bags  bad  twice  the  area 

of  poly  bags.  Subtotal  and  total  indicate  numbers  of  clams  used. 


On-Bottom 


Off-Bottom 


Density 

Number  of 

Mean  Number 

'■■■(■ 

Mean  Number 

% 

in  Bag 

Replicates 

Plantable 

Yield 

Plantable 

Yield 

6,000 

5 

2.540 

42 

1,345 

11 

5.000 

5 

1.925 

38 

1,195 

24 

4,000 

5 

1,723 

43 

1,105 

28 

3,000 

5 

1 . 1 S5 

40 

635 

21 

2,000 

5 

700 

35 

660 

33 

Site  A 

SiteB 

Position 

ON 

ON 

OFF 

ON 

ON 

OFF 

Seed  Size 

5  mm 

5  mm 

5  mm 

5  mm 

5  mm 

5  mm 

Bag  Type 

Poly 

Nylon 

Poly 

Poly 

Nylon 

Poly 

Seed/Bag 

3,000 

6.000 

3.000 

3,000 

6,000 

3,000 

Replicates 

6 

6 

6 

6 

6 

6 

Subtotal 

18.000 

36,000 

1 8,000 

18,000 

36,000 

18.000 

Total 

72,000 

72,000 

and  because  of  their  soft  nature  they  are  not  suitable  for  off-bottom 
deployment.  All  bags  were  filled  in  replicate  with  a  volume  of 
clams  equivalent  to  the  density  desired  and  then  randomly  as- 
signed to  a  field  position  (Table  2).  Clams  were  allowed  to  grow 
for  50  days  during  the  first  year  and  75  days  in  the  second  year.  All 
bags  at  each  site  were  tended  by  an  individual  bayman.  At  the  end 
of  the  experiment  the  volume  of  all  clams  in  each  bag  was  re- 
corded and  a  sample  was  set  aside  for  measurement. 

A  third  experiment  was  conducted  to  more  carefully  evaluate 
the  costs  associated  with  bag  culture,  and  to  add  an  additional 
year's  data  to  be  sure  the  growth  and  survival  information  obtained 
in  the  first  two  experiments  were  consistent  through  years.  Seed 
were  sieved  to  5  mm  size  and  three  replicate  lots  of  100  clams 
were  used  to  establish  the  volume  of  3000  clams  to  be  stocked  in 
each  bag.  Twelve  46  x  102  cm  ( 18"  x  40")  2  mm  mesh  bags  were 
filled  with  3,000  seed  each  on  August  12  and  randomly  allocated 
to  various  positions  on  the  bottom  of  a  tidal  creek.  The  time 
required  for  filling  and  tending  each  bag  was  recorded,  and  all  bags 
were  harvested  on  October  19,  68  days  later.  The  volume  of  clams 
in  each  bag  was  measured  and  four  subsamples  of  100  clams  were 
measured  from  each  bag  to  determine  volume  displaced.  A  sub- 
sample  of  approximately  100  clams  was  removed  from  each  bag 
and  preserved  for  length  measurement. 

RESULTS 

In  the  first  experiment  there  were  no  significant  differences 
ascribable  to  the  density  of  clams  in  the  bags.  On-bottom  culture 
yielded  substantially  more  clams  of  plantable  size  than  off-bottom 
culture  (Table  I ).  There  was  no  obvious  interaction  between  den- 
sity and  position  of  the  bags.  All  densities  including  6000  clams 
per  bag  (1.36  clams  cm"")  produced  similar  growth  to  plantable 
size  in  either  on-  or  off-bottom  systems.  On-bottom  culture  gen- 
erally produced  about  40Vr  more  clams  of  plantable  size  when 
compared  with  similar  density  off-bottom  systems.  The  only  ex- 
ception to  this  was  at  the  lowest  density  where  production  rates 
were  about  the  same. 

During  the  first  year  of  the  second  experiment,  a  number  of 
operational  problems  became  apparent.  At  site  A  two  of  the  rep- 
licate bags  on  the  rack  were  damaged  by  a  boat  propeller,  at  the 
other  site  fouling  of  bags  on  racks  with  Moli>uia  niunhuttcnsis 
created  severe  problems  with  estimating  the  volume  of  clams  in 
the  bag.  The  nylon  mesh  bags  developed  holes  and  crabs  entered 
the  bags  causing  extensive  mortality.  Sizes  at  the  two  sites  were 
significantly  different.  Clam  length  at  site  A  averaged  (SD)  10.97 
(1.43),  10.93  (1.22).  and  10.14  (1.25)  mm  for  on-,  off-bottom  and 


nylon  mesh,  respectively.  At  site  B  clam  length  was  8.08  (1.33), 
9.32  (1.77).  and  8.18  (1.24)  mm  for  the  same  respective  combi- 
nation of  protective  bags.  Growth  at  site  A  averaged  0.12  mm 
day"',  and  at  site  B  growth  averaged  0.07  mm  day"'. 

The  second  year's  experiment  was  designed  to  reduce  fouling 
by  air  drying  the  bags  once  during  the  growing  season.  The  sites 
were  also  marked  with  additional  stakes  to  prevent  boats  from 
passing  over  the  experimental  area.  As  before,  analysis  of  the 
individual  size  of  the  Year  two  experiment  (ANOVA:  no  trans- 
formation of  the  data  was  necessary)  found  highly  significant  dif- 
ferences between  sites  indicating  seed  cultured  at  site  one  were 
larger  (Table  3A).  Within  a  site  there  were  no  size  differences  that 
could  be  assigned  to  the  type  of  bag  or  its  position  (on-  or  off- 
bottom).  A  similar  analysis  (Table  3B)  of  the  volume  of  clams 
recovered  indicated  significant  differences  between  sites  and  no 
differences  attributable  to  type  of  bag  or  its  position.  This  suggests 
that  the  processes  were  similar  in  effect  at  both  sites.  Examination 
of  the  data  (Table  4)  indicates  that  the  soft  nylon  mesh  (after 
adjustment  for  different  initial  density)  seemed  to  produce  fewer 
clams.  At  site  A  the  mean  size  and  volume  of  seed  in  the  on-  and 
off-bottom  poly  mesh  bags  was  nearly  identical,  but  at  site  B  the 
on-bottom  poly  mesh  bags  seemed  to  be  a  more  viable  option.  This 
latter  result  mirrors  the  results  of  the  density  experiment.  Growth 
at  site  A  averaged  0.09  mm  day"',  and  at  site  B  growth  averaged 
0.07  mm  day"'.  These  differences  were  not  revealed  in  the  statis- 
tical analysis  because  of  the  high  variability  between  bags. 

For  the  third  experiment  each  bag  received  90  mL  of  clam  seed 
based  on  an  estimated  3  mL  for  100  clams.  Laboratory  examina- 
tion of  three  lots  of  100  seed  indicated  that  100  clams  displaced 
2.52  mL  of  water.  The  mean  length  of  the  initial  clams  was  5. 1  mm 
with  range  in  size  (for  300  clams)  of  3.89  to  6.8 1  mm.  The  volume 
of  clams  recovered  ranged  from  1,700  mL  to  3.120  niL.  The  av- 
erage volume  recovered  was  2,484  mL,  with  a  95%  confidence 
interval  of  ±305  mL.  Conversion  of  these  to  nutnbers  of  clams 
yields  2348  ±  497  clams/bag.  Mean  seed  length  ranged  from  12.04 
to  14.47  mm  and  averaged  13.46  mm  with  a  959f^  confidence 
interval  of  ±0.59  mm.  Growth  averaged  0. 12  mm  per  day.  Based 
on  these  measurements,  the  numbers  of  plantable  clams  (>9.99 
mm)  ranged  from  1048  to  3266  and  averaged  2296  ±510  clams 
per  bag.  The  percentage  of  plantable  seed,  based  on  average  sur- 
vival, was  76.5%. 

The  final  data  set  needed  to  complete  the  analysis  is  the  cost 
associated  with  the  technique.  Poly  bags  with  ties,  closures,  stakes 
and  line  cost  $1.68  (Table  5).  The  manufacturer  anticipates  bags 
will  last  for  3  y,  and  thus  the  $3.00/bag  amounts  to  $1.00  in  annual 
costs.  At  the  time  of  this  study.  5  mm  seed  cost  $8.00/1,000.  We 
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TABLE  3. 

Analvsis  of  Variance  (ANO\A,  mixed  model  with  bag  fixed  and  site  random)  for  5  mm  hard  clam  seed  plated  In  polv  and  nvlon  mesh  bags 
at  two  sites.  Bag  =  Type  of  bag.  For  poly  bags  position  is  an  additional  variable.  Results  were  corrected  for  differences  in  bag  size  (see 

Table  2)  before  analvsis. 


Source 


Site 

Bag 

Poly  vs  Nylon 

Poly  on  vs  off 

Site  X  Bag 

Error 

Total 


Source 


Site 

Bag 

Poly  vs  Nylon 

Poly  on  vs  off 

Site  X  Bag 

Error 

Total 


Sum-of-Squares 


17.60 

1.93 

1.83 

0.10 

0.25 
10.44 
30.22 

Sum-of-Squares 


2.723.875 
1.732.939 
L668.335 
64.584 
355.857 
4.025.309 
8.837.981 


df 


1 

2 
1 
1 
2 
30 
35 


df 


1 

2 
1 
1 
2 
30 
35 


,\.  Individual  Seed  Size 


Mean-Square 


F-Ratio 


17.60  50.56 

0.97  7.73 

1.83  14.65 

0.10  0.80 

0.13  0.36 
0.35 

B.  Volume  of  Clams 


Mean-Square 


F-Ratio 


2.723.875 
866.470 

1.668.335 

64,584 

177.928 

134,184 


20.. ^0 
4.87 
9.38 
0.36 
L33 


Probability 


0.000*** 
0.115  ns 
0.062  ns 
0.466  ns 
0.701  ns 


Probability 


0.000*** 
0.170  ns 
0.092  ns 
0.062  ns 
0.281  ns 


have  assumed  that  sorting  for  planting  will  have  to  be  done  even 
on  those  plantable  seed  purchased  from  outside.  Thus  we  have 
increased  seed  prices  by  $0.20/3.000  seed  to  adjust  for  the  labor. 
If  the  money  for  these  plantings  was  borrowed  at  8%.  the  interest 
cost  for  each  bag  of  plantable  seed  would  be  SO. 5 1  for  the  3-mo 
period.  If  seed  to  be  placed  in  bags  were  purchased  from  owners 
funds,  only  income  from  interest  that  could  have  been  earned, 
should  be  charged.  At  4%  this  amounts  to  $0.26  per  bag  and  we 
have  chosen  to  use  this  more  conservative  measure  of  interest 
charge. 

Seed  growth  at  the  second  site  growth  was  about  20%  slower. 
Fewer  of  these  seed  would  reach  plantable  size,  and  costs  per 
plantable  seed  would  he  proportionally  higher. 

DISCUSSION 

The  first  experiment  cleariy  indicated  that  there  was  no  density 
effect  within  the  range  of  2,000  to  6,000  clams  per  bag.  These  data 
were  not  used  to  represent  total  system  production  or  economic 
returns,  because  availability  of  small  seed  restricted  the  growth 

TABLE  4. 

Results  of  field  nursery  trials  with  poly  and  nylon  mesh  bags  in  on- 

and  off-bottom  configurations.  All  seed  began  the  experiment  as  5 

mm  nominal  size.  Results  have  been  corrected  for  differences  in  bag 

size  (see  Table  2). 


Site 

Location 

Mean  Size 

Mean  Volume 

Site  A 

Polv  On-bottom 

11.49 

1.520 

Polv  Off-Bottom 

11.56 

1.596 

Nylon  On-Bottom 

10.88 

960 

Site  B 

Poly  On-Bottom 

9.90 

1,055 

Poly  Off-Bottom 

10.10 

771 

Nylon  On-Bottom 

9.70 

598 

period  and  many  clams  were  smaller  than  desired  for  field  planting 
when  the  experiment  ended.  This  was  probably  because  of  the 
shorter  season  for  clam  growth  during  this  experiment. 

Soft  mesh  nylon  bags  did  not  perform  as  well  as  polyethylene 
mesh  because  they  were  more  subject  to  damage,  and  fouling 
control  was  more  difficult.  Bag  damage  created  holes  and  produc- 
tion was  reduced  by  crab  predation.  At  site  B  some  poly  mesh  bags 
on  racks  were  found  with  holes  where  the  bag  rested  on  the  support 
bar.  This  abrasion  would  reduce  bag  life  and  increase  costs  as  well 
as  causing  significant  losses  of  clams.  Fouling  with  tunicates 
{Molgida  manhattensis)  was  a  problem  at  the  A  off-bottom  site, 
but  the  operator  air  dried  bags  for  one  hour  once  the  tunicates  were 
noticed.  This  air  drying  effectively  eliminated  the  fouling.  At  the 
B  site,  sea  lettuce  ( Uha  lactiica)  was  a  minor  problem,  but  was  not 
treated.  We  found  significantly  increased  growth  at  the  B  site  in 
the  off-bottom  configuration  I  y.  This  may  have  been  caused  by 
increased  water  circulation  in  the  off-bottom  configuration.  Off- 
bottom  bags  at  the  site  with  poorer  growth  consistently  produced 
larger  clams,  but  in  most  cases  differences  were  statistically  insig- 
nificant from  those  grown  on-bottom.  We  do  not  know  what 
caused  this  difference,  but  fouling  intensity  or  bag  maintenance 
may  have  played  a  role.  Bag  maintenance  to  minimize  fouling, 
particulariy  if  higher  seed  densities  are  used,  may  be  an  important 
economic  aspect  in  production  of  plantable  sed.  If  off-bottom  cul- 
ture should  prove  to  significantly  enhance  growth  or  survival  at 
other  sites  or  with  higher  densities,  costs  of  the  racks  and  their 
deployment  will  add  to  the  expense.  The  rack  would  have  to  be 
amortized  over  some  time  period.  We  estimated  that  racks  would 
add  an  additional  $l.05/bag.  Additional  costs  would  be  incurred 
for  placing  the  rack  in  the  field  and  removing  it  in  winter. 

In  New  Jersey  5  mm  seed  in  mid  summer  typically  costs  $8.00 
to  14.00/1.000.  Labor  for  filling,  installing,  maintenance,  and  re- 
moval of  the  seed  from  each  bag  took  approximately  33  min.  We 
have  NOT  included  the  use  of  a  boat  or  the  lime  required  to  get  to 
and  from  the  plots.  We  have  assumed  that  anyone  using  this  tech- 
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TABLE  5. 
Costs  of  materials,  seed  and  labor  for  construction  of  polyethylene  bag  nursery  systems  for  hard  clams  11995). 


Cost  ($)/  Cost($)/ 

Item                                                                 Unit                                  Bag                               Life  (Y)  Bag/y 

Polythylenebag  18"  X  40"-2  mm  mesh                                                              1                                    3.00*                                3  LOO 

Stainless  steel  hog  rings                                                                                     8                                    0.02                                  1  0.02 

Net  Twine                                                                                                          2'                                   0.01                                   1  0.01 

Sched  80  PVC  cut  and  slit                                                                                 4'                                   1.00                                  4  0.2.'i 

Identification  tag                                                                                                       1                                      0.03                                     I  0.03 
Rebar  3/8"  stake  ($3.00/20'  +  cut  and  hend)                                                         2                                      0.65                                    5 

0.13  Plot  Marker  Stakes**                                                                                      6                                       1.20                                    5  024 

Subtotal***  $1-68 

Labor  ($10.00/h)  to  prepare  units                                                                                                            1.00  1.00 

Labor  ($10.00/h)  to  sieve,  volume,  stock  units                                                                                       2.00  2.00 

Labor  ($10.00/h)- deploy  in  field                                                                                                            LOO  1.00 

Labor  ($10.00/h)  field  maintenance                                                                                                        0.50  0.50 

Labor  ($10.00/h)  harvest,  sieve,  sort  for  plant                                                                                         1.00  LOO 

Subtotal  $5.50 

Total  fixed  cost   $1AS 

Lost  interest  $0.26 

Seed  5  mm  ex  local  hatchery  8/10/95                                                         3.000                                  24.00  $24.00 

Grand  total $31.44 

*  Bags  are  $3.75  in  small  lots;  we  used  $3.00  as  the  price  for  lots  of  100  bags. 

**  Stakes  are  required  to  mark  plots  we  have  assumed  six  stakes  would  be  required  for  a  plot.  Because  this  experiment  was  for  10  bags,  we  have  split 

the  cost  per  bag.  This  could  be  reduced  for  larger  numbers  of  bags. 

***  In  New  Jersey,  gear  used  in  fishing  is  exempt  from  sales  tax  as  is  gear  used  in  agricultural  production.  Sales  Tax  (NJ  =  6%)  would  add  an  additional 

$0.13. 


nique  will  have  access  to  shore  nearby  or  already  be  on  the  water 
with  other  tasks.  With  these  assumptions,  added  labor  costs  would 
only  be  the  time  required  to  tend  the  bags.  The  costs  associated 
with  obtaining  funds  for  seed  and  equipment  purchases  were  es- 
timated at  $0.51  if  all  the  money  is  bunowed.  or  $0.26  in  lost 
interest  if  the  grower's  personal  funds  are  used.  We  have  chosen  to 
use  the  latter  because  this  technique  is  most  likely  to  be  used  by 
growers  producing  small  lots  of  clams. 

Break  even  survival  for  plantable  seed  is  highly  dependent  on 
initial  seed  costs,  and  falls  within  the  survival  rates  obtained  in  this 
study  (Table  6).  If  3,000  seed  are  placed  in  each  bag,  the  seed 
represent  76%  of  the  cost  at  $8.00/1,000  seed  and  85%  of  the  cost 
at  $14.00/1,000  seed.  Similar  data  for  planting  60t)0  seed  per  bag 
would  yield  87%,  and  92%  of  the  cost  would  be  associated  with 
seed.  These  proportional  costs  are  important  because  it  is  essential 
that  a  high  percentage  of  the  clams  reach  plantable  size.  Mali- 
nowski  (1988)  found  that  removal  of  slow  growing  seed  from 
upflow  nur.sery  systems  did  not  result  in  a  net  reduction  in  pro- 
duction costs  because  the  value  of  the  slow  growing  animals  ex- 
ceeded the  savings  that  would  accrue  from  confining  production  to 
the  fast  growing  individuals.  Our  data  suggest  that  field  nur.sery 
systems  behave  in  a  similar  fashion. 

One  added  factor  that  needs  to  be  closely  evaluated  is  the 
numbers  of  bags  necessary  for  a  modest  clam  culture  operation.  At 
3,000  clains  per  bag  it  would  require  334  bags  to  put  1.000,000 
seed  in  the  field  (Table  7).  If  the  desired  result  was  1,000,000 
plantable  seed  at  the  highest  average  survival  rate  we  obtained 
(76.5%)  it  would  require  planting  an  additional  307,200  seed  or 
102  bags  at  3,000  per  bag  for  a  total  of  436  bags.  If  these  were 
arrayed  in  nine  rows  of  49  bags  each  with  61  cm  (2')  spacings  at 
the  sides  and  between  the  rows,  it  would  occupy  an  area  of  5 1 3  iir' 
(613  yd')  or  about  Vk  of  an  acre.  With  this  many  units  one  couki 


anticipate  damage  or  loss  of  1-3%  of  the  number,  thus  necessitat- 
ing even  more  bags  (Table  7).  Additional  effort  should  be  made  to 
evaluate  even  higher  densities  of  seed  in  each  bag  to  optimize  this 
type  of  system. 

Our  results  do  not  explicitly  account  for  the  added  risks  of 
maintaining  seed  in  field  nurseries.  Analysis  at  many  sites  over  a 
nuinber  of  years  would  be  essential  to  analyze  the  risks  with  this 
method.  Seed  are  the  most  expensive  component  and  any  analysis 
must  take  into  account  the  risk  of  bag  losses  or  damage.  The  more 
densely  seed  are  stocked  into  the  bags  the  greater  the  risk  of  losing 
large  numbers  of  seed  due  to  accidents,  but  if  this  is  a  relatively 
rare  occurrence  the  added  care  that  can  be  given  each  bag  may 
offset  the  potential  loss. 

These  results  clearly  illustrate  how  seemingly  minor  differ- 
ences in  measurement,  costs,  and  other  factors  can  make  a  sub- 
stantial difference  in  profitability.  For  instance  the  difference  be- 
tween 3  niL  of  water  displaced  for  100  clams,  and  2.52  inL  for  100 
clams  based  on  more  careful  laboratory  measurements,  results  in  a 
difference  in  estimated  survival  from  78%  to  66%.  Costs  per  seed 
would  be  affected  because  at  2.52  tnL  3571  clams  would  have 
been  placed  in  a  bag,  19%  inore  than  expected.  This  seemingly 
insignificant  difference  could  result  in  significant  differences  in 
the  payoff,  and  suggests  that  a  more  rigorous  means  of  estimating 
the  numbers  of  clams  could  yield  substantial  benefits  to  the  hard 
clam  culture  industry. 

CONCLUSIONS 

Under  the  correct  conditions  use  of  mesh  bags  as  a  nursery  for 
small  (5  mm)  hard  clam  seed  is  an  economically  attractive  alter- 
iiali\e  to  purchasing  larger  seed  later  in  the  year. 
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TABLE  6. 

Required  sur\i\al  to  break  even  for  growing  hard  clam  sied  from  5 

mm  (@$8.()(l  and  $14.()()/I00()|  t<i  planlabli-  size  in  polyillivkne 

plastic  mesh  bags.  Bag  +  labor  fixed  cost  +  A'^r  for  lost  interest  for 

cash  invested  =  $7.44. 


TABLK  7. 

Numbers  of  bags  required  for  1,000,000  plantable  seed  by  percent 

survival.  The  numbers  of  additional  bags  required  to  obtain  the 

desired  numbers  of  plantable  seed  based  on  and  assumed  percentage 

loss  of  bags  due  to  damage.  A  =  3.000  seed  per  bag.  B  =  6,000  seed 

per  bag. 


Survival  ('^r)  Required  to  Break  Even 

Plantable  Seed                 .^.000  Seed  +                          6,000  Seed+ 
Cost/1000                          Poly  Bai;                                  Poly  Bag 

A 

Loss  Rate 

Percent 

No.  per  bag 

1,000,000 

1% 

2% 

4% 

from  hatchery                   $8.00  $14.00                            $8.00  $14.00 

80 

2,400 

417 

4 

8 

17 

$20.00                             52.4%    82.4%                        46.2%    76.2% 

75 

2,250 

444 

4 

9 

18 

S:5.0n                               41. 9^7    6.'i.9%                          37.0%    61.0% 

70 

2.100 

476 

5 

10 

19 

65 

1,950 

513 

5 

10 

21 

60 

1,800 

556 

6 

11 

TT 

There  was  no  clear  growth  or  survival  advantage  to  placing 

5? 
50 

1,650 
1.500 

606 
667 

6 

7 

12 
13 

24 

27 

polyethylene  bags  off-bottom.  In  some  conditions  bags  placed  off- 

B. 

bottom  were  more  subject  to  fouling,  and  in  some  instances  the 

Survival 

Survival 

Bags  per 

clams  themselves  became  fouled  with  tunicates.  This  greatly  in- 

Percent 

#  per  bag 

1,000,000 

1% 

2% 

4% 

creased  the  labor  required  to  sieve  the  clams  before  planting.  It  was 
more  expensive  to  build  and  maintain  racks,  and  bags  were  more 

SO 

75 

4.800 
4.500 
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-> 

4 
4 

8 
9 

subject  to  damage  off-bottom.  At  both  field  sites  soft  nylon  mesh 

70 

4,200 

238 

1 

5 

10 

bag  was  unsuitable  because  it  was  subject  to  damage. 

65 

3,900 

256 

3 

5 

10 

Densities  as  high  as  6.000  per  poly  mesh  bag  did  not  reduce 

60 

3,600 

278 

3 

6 

11 

growth.  Because  large  numbers  of  bags  would  be  required  even  for 

55 

3,300 

303 

3 

6 

12 

a  modest  farm,  additional  density  studies  to  determine  optimum 

50 

3.000 

333 

3 

7 

13 

levels  for  on-bottom  poly  bag  systems,  at  a  number  of  sites,  would 
be  advantageous. 

The  operator  should  attempt  to  purchase  the  seed  as  early  as 
possible  to  increase  the  time  available  for  growth.  Our  initial  ex- 
periments would  have  yielded  increased  numbers  of  plantable 
clams  if  the  growing  season  had  been  longer.  Under  the  conditions 
of  these  experiments,  we  would  recommend  a  minimum  of  60  days 
of  water  temperature  above  20  C. 

Fouling  on  bags  increased  labor  and  may  reduce  growth  and 
survival.  Additional  studies  would  be  needed  to  examine  economi- 
cal means  of  addressing  differing  types  of  fouling  under  a  variety 
of  field  conditions. 

Because  seed  are  the  most  significant  cost  associated  with  this 
nursery  system,  careful  selection  of  seed  and  uniform  distribution 


of  the  seed  to  the  bags  wil 
and  funds  invested. 


yield  the  greatest  returns  for  the  labor 
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ABSTR.ACT  This  study  e.xamined  the  effects  of  various  algal  diets  upon  the  growth  and  survival  of  both  larvae  and  juveniles  of  the 
.Atlantic  surfclam.  SpimUi  solidis\iiiia.  Larvae  of  the  Atlantic  surfclam  were  reared  on  six  diets:  a  control  of  no  food,  Tahitian  strain 
Isitcluysis  sp  (TISO).  Chiwioccros  imwllcri  (CHAET).  Thalassiosira  pseiuhmana  (3H).  plus  the  equal  combined  concentrations  by  cell 
numbers  of  TISO  and  CHAET  and  TISO  and  3H.  Juvenile  clams  (x  =  5.8  mm  shell  length)  were  re;u-ed  on  a  5%  diet  (gram  dry  weight 
of  algae  to  gram  wet  weight  of  clams)  of  TISO.  CHAET.  or  a  mixture  of  TISO  and  CH.AET.  No  larvae  survived  past  Day  15  when 
fed  the  control  or  3H  diets.  After  19  days,  significantly  greater  survival  (p  <  0.0001)  of  larvae  occurred  in  the  TISO  diet  treatment 
(46.3%)  over  other  treatments.  Larvae-fed  CHAET  had  23.3%  survival,  which  was  not  significantly  different  from  larvae  fed  the  TISO 
plus  3H  diet  (10. 1%).  but  had  higher  survival  than  larvae  fed  the  TISO  plus  CHAET  diet  (8.4%).  No  significant  differences  in  .survival 
occurred  for  larvae  fed  the  two  mixed  diets.  Larval  shell  length  was  significantly  greater  (p  <  0.0001 )  for  larvae  fed  TISO  (x  =  215.3 
±5.7SE  (Jim)  >  TISO  plus  3H(x  =  182.7  ±6.1  jim)  >  TISO  plus  CHAET  (x  =  147.3  ±  5.4  |j.m)  >  CHAET  (x  =  119.1  ±3.3  \x.m). 
In  the  juvenile  feeding  trial,  no  clam  mortalities  were  observed.  After  21  days,  no  significant  differences  (p  =  0.3671)  in  clam  size 
occurred  among  treatments  (means  ranged  from  14.1  mm  for  TISO  to  14.4  mm  for  CHAET):  however,  clams  fed  the  mixed  diet  had 
a  significantly  (p  <  0.0001 )  higher  mean  biomass  (67.2  ±  0.9  g  wet  weight)  than  those  fed  TISO  (60.4  ±  0.5  g)  and  CHAET  (59.6  ± 
0.9  g),  which  were  not  significantly  different  from  each  other.  The  results  show  that  TISO  is  the  superior  food  for  larval  surfclam 
growth  and  survival,  whereas  juveniles  fed  a  mixed  diet  of  TISO  and  CHAET  grow  to  a  greater  biomass. 

KEY  WORDS:     Spisula.  diets,  growth,  larvae,  survival,  upweller 


INTRODUCTION 

The  Atlantic  surfclam.  Spisula  soliciissima  solidissiina 
(Dillwyn).  represents  a  major  commercial  fishery  in  the  United 
States,  where  large-sized  O140  mm)  clams  are  used  in  the  fried 
clam  strip  and  chowder  markets  (Goldberg  1989).  Although  some 
attention  has  been  made  at  developing  an  aquaculture  fishery  for 
smaller-sized  (50  mm)  surfclams  for  the  more  lucrative  fried, 
steamed,  or  raw  clam  markets  (Goldberg  1980,  Goldberg  and 
Walker  1990),  an  aquaculture  industry  tor  surfclams  has  yet  to  be 
achieved. 

The  University  of  Georgia  Marine  Extension  Service  has  been 
experimenting  with  developing  a  surt'clam  aquaculture  fishery  for 
the  southeastern  U.S.  coastal  area  where  no  natural  stocks  of  the 
Atlantic  suifclams  occur.  The  smaller-sized  southein  Atlantic  surf- 
clam, Spisula  solidissima  similis  (Say),  does  occur  naturally  in  the 
southeastern  U.S.,  but  there  are  insufficient  stocks  to  support  any 
fishery  (Walker  and  Heffeman  1994).  Field  culture  studies  with 
Spisula  solidissiina  solidissima  show  great  promise  where  hatch- 
ery reared  10-mm  seed  field  planted  in  mid-October  can  grow  to 
50  to  70  mm  size  with  excellent  survival  by  the  following  spring 
(Walker  and  Heffeman  1990).  This  growth  represents  a  harvest- 
able  clam  product  in  6  mo  from  planting  compared  to  quahogs,  M. 
mercenaria  (Linnaeus),  which  require  2-3  y  of  field  culture  to 
achieve  a  comparable  size  (Walker  1987).  Test  marketing  of 
surfclams  in  Georgia  have  met  with  consumer  acceptance  and 
DeWitt  Seafood  located  in  Mcintosh  County,  Georgia  was  able  to 
sell  surtclams  for  SO.  17  apiece  in  1996  and  1997,  a  price  compa- 
rable to  the  quahog  (Hurley  and  Walker  unpubl). 

To  develop  a  surfclam  aquaculture  fishery  for  Georgia,  a  source 
of  local  seed  stock  must  be  available.  Thus,  hatchery  and  nursery 
rearing  protocols  must  be  established  for  this  species.  With  the 


exception  of  research  performed  by  the  National  Marine  Fisheries 
Service  (Loosanoff  and  Davis  1963,  Goldberg  1980,  1989,  Rhodes 
el  al.  1981)  and  our  laboratory  (Hurley  and  Walker  1996,  Huriey 
and  Walker  1997.  Hurley  et  al.  1997,  O'Beim  et  al.  1997;  Walker 
et  al.  1996,  Walker  et  al.  1997).  little  information  exists  concerning 
the  hatchery  or  nursery  rearing  of  either  surfclam  subspecies.  This 
paper  examines  the  effects  of  various  algal  diets  on  the  growth  and 
survival  of  Atlantic  surt'clam  larvae  and  juveniles. 


MATERIALS  AND  METHODS 


Lanae 


A  growth  trial  was  performed  to  determine  the  dietary  effects 
of  Tahitian  strain  Isocliiysis  sp.  Parke  (TISO),  C.  muelleri  Lem- 
mermann  (CHAET),  T.  pseiidonana  Hasle  and  Heimdal  (3H), 
TISO  plus  CHAET,  and  TISO.  plus  3H  clones  of  cultured  algae 
upon  larval  growth  and  survival  of  the  Atlantic  surfclam,  S.  so- 
lidissima. One-day-old  veliger  larvae  were  stocked  in  replicated 
l-L  flasks  at  a  stocking  density  of  1  larva  per  mL.  Seawaler  was 
filtered  through  a  50  ^m  sand  filter,  UV-treated,  aerated,  and 
allowed  to  adjust  to  room  temperature  overnight.  Culture  water 
temperature  and  salinity  were  maintained  at  20°C  and  23-25  ppt 
during  the  experimental  period.  Flasks  were  fed  daily  one  of  six 
diets;  a  control  of  no  feed,  100,000  cells/mL  of  TISO,  100,000 
cells/mL  of  CHAET,  100.000  cells/mL  of  3H.  a  mixture  of  50.000 
cells/mL  of  TISO  and  50,000  cells/mL  CHAET,  and  a  mixture  of 
50.000  cells/mL  of  TISO  and  50.000  cells/mL  of  3H.  Every  2 
days,  the  water  of  each  flask  was  exchanged  for  new  seawater.  The 
flask  water  containing  larvae  was  washed  through  a  20  (j.m  screen, 
the  larvae  washed  back  into  the  flask,  flasks  refilled  with  condi- 
tioned seawater.  and  fed  the  appropriate  diet. 

Algal  stock  cultures  were  maintained  in  a  walk-in  temperature- 
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regulated  room.  Air  temperature  is  kept  at  20°C.  Stock  cultures 
were  maintained  in  200  mL  of  autoclave  medium  in  250  Erien- 
meyer  flasks  and  under  constant  illumination  ( 130  p.einsteins/ni"/s 
PAR).  The  media  used  in  culturing  consist  of  filtered  seawater  (0.2 
[J.)  enriched  with  silica  for  diatom  cultures  and  commercial  f/2 
media  (Fritz).  Flasks  are  used  to  inoculate  4-L  carboys.  Larvae  and 
juvenile  clams  were  fed  from  4-L  carboy  cultures. 

Immediately  after  stocking,  five  flasks  per  treatment  were  sac- 
rificed to  validate  initial  larval  stocking  densities.  ANOVA 
showed  that  no  significant  difference  (p  =  0.1627)  in  stocking 
occurred  among  diet  treatments.  Every  3  days,  three  flasks  per 
treatment  were  terminated  with  the  content  of  the  tlask  washed 
onto  a  20  |j.m  screen  and  larvae  back  washed  into  a  60-mL  sample 
jar.  Each  replicate  was  then  examined  with  a  light  microscope 
(40x)  to  determine  proportions  of  metamorphosed  versus  non- 
metamoi-phosed  (swimming)  larvae.  Each  sample  was  preserved  in 
an  equal  volume  of  10%  buffered  formalin  with  Rose  Bengal  stain. 
Larval  survival  estimates  were  based  on  three  1  mL  subsamples 
per  replicate.  Each  subsample  was  placed  on  a  Sedgewick-Rafter 
counting  cell  and  the  number  of  larvae  enumerated  under  lOx  with 
a  Zeiss  Standard  20  microscope.  Growth  was  ascertained  by  mea- 
suring the  shell  length  (SL,  greatest  distance  anterior  to  posterior) 
of  20  larvae  per  flask  per  treatment  per  sampling  period.  Signifi- 
cant differences  among  diet  treatments  in  larval  shell  length  and 
survival  were  determined  by  analysis  of  variance  (ct  =  0.05)  and 
Tukey's  Studentized  Range  Test  (Tukey's  SRT)  (a  =  0.05)  using 
SAS  for  PC  (SAS  Institute.  Inc.  1989).  Survival  data  were  arcsine 
square-root  transformed  before  statistical  analysis. 

Juvenile 

Laboratory  reared  juvenile  surfclams,  Spisida  .soliilissinia.  were 
cultured  in  10-cm  diameter  forced-flow  upweller  units.  Three  up- 
weller  units  each  were  fitted  with  a  500  |xm  screen  to  hold  clams 
and  attached  to  a  200-L  reservoir  tank.  Water  was  pumped  ( 1/X  hp) 
under  pressure  from  the  bottom  of  the  200-L  tank  up  through  each 
upweller  unit  at  a  tlow  rate  of  3  LPM  per  upweller  and  returned  to 
the  tank  through  a  discharge  pipe.  There  were  two  replicate  tanks 
per  three  treatments.  An  air  stone  was  provided  to  each  recircu- 
lating system  to  ensure  both  ample  oxygen  for  animals  and  reduce 
algal  settlement.  Water  temperature  was  maintained  at  20°C  and 
23-25  ppt. 

Three  identical  diet  treatments  were  used  where  two  tank  sys- 
tems each  were  fed  a  5%  ration  of  Tahilian  strain  Isochiysis  sp 
(TISO),  C.  muelleri  (CHAET).  or  an  equal  mixture  of  each  (MIX). 
The  5%  ration  is  grams  dry  weight  of  algae  per  grams  wet  weight 
of  clams.  Each  morning  tanks  were  drained,  cleaned,  and  refilled 
with  5-jjim  filtered  seawater.  Before  use  in  the  200-L  test  tanks, 
filtered  seawater  was  pumped  into  40()-L  reservoir  tanks  and  al- 
lowed to  acclimate  to  KYC  overnight.  Salinity  was  maintained  at 
23-25  ppt.  Tanks  were  fed  the  appropriate  diet  each  morning  for 
Weeks  1  and  2.  Because  of  reservoir  volume  constraints  during 
Week  3.  all  treatments  received  two  equal  feedings  of  2.57f  ration 
in  the  morning  and  evening  to  reduce  the  possibility  of  pseudo- 
feces  production  associated  with  surplus  ration  concentrations. 

Each  upweller  was  initially  stocked  with  7  g  wet  weight  of 
surfclams  on  June  3,  1997.  Surfclams  (N  =  100)  measured  5.8  ± 
0.13  (SE)  mm  in  shell  length.  Every  7  days  for  3  wk.  surfclams 
were  removed  from  their  individual  upwellers.  washed,  and 
weighed  (±0. 1  g)  to  determine  clam  wet  weight.  Food  rations  were 
proportionally  adjusted  to  the  mean  bioniass  increases  per  treat- 


ment every  7  days.  At  termination  of  the  experiment.  30  clams 
from  each  upweller  were  measured  for  shell  length  with  Vernier 
calipers.  Each  treatment  consisted  of  two  200-L  tank  systems  with 
three  upwellers  nested  in  each  tank. 

Statistical  analysis  of  data  was  performed  by  Nested  Analysis 
ofVariance  (Nested  ANOVA)  (a  =  0.05)  and  Tukey's  SRT  (a  = 
0.05)  using  SAS  for  personal  computer  (SAS  Institute,  Inc.  1989). 


RESULTS 


Lanal  Sludv 


Survival  of  larvae  fed  the  various  diets  are  given  in  Figure  1. 
ANOVA  revealed  no  significant  differences  in  survival  among 
treatments  through  Day  10.  On  Day  15.  larval  survival  was  sig- 
nificantly (p  <  O.OOOI )  higher  only  for  animals  fed  the  TISO  diet. 
By  Day  19.  survival  was  significantly  (p  <  0.0001 )  different  with 
TISO  (46.3%)  >  CHAET  (23.3%)  =  TISO  plus  3H  (10.1%)  > 
TISO  plus  CHAET  (8.4%).  No  larvae  survived  past  Day  15  when 
fed  either  3H  as  a  single  diet  or  for  the  unfed  control  animals. 

Larval  growth  among  the  different  diets  is  shown  in  Figure  2. 
By  Day  10.  significant  differences  (p  =  0.0001)  in  growth  oc- 
curred where  larvae  fed  TISO  >  TISO  plus  CHAET  =  TISO  plus 
3H  >  CHAET  =  3H  =  Control.  By  Day  19.  larvae  in  all  treat- 
ments were  significantly  different  in  size  (p  =  0.0001 )  with  larvae 
fed  TISO  (SL  =  215.3  ±  5.7SE  [jim)  >  TISO  plus  3H  (182.7  ±  6.1 
jj.m)  >TISO  plus  CHAET  (147.3  ±  5.4  |j.m)  >  CHAET  (119.1  ± 
3.3  |j.ni). 

On  Day  19,  41%  of  the  larvae  fed  the  TISO  and  28%  of  the 
larvae  fed  the  TISO  and  3H  mixed  diet  had  metamorphosed.  No 
clams  fed  the  other  diets  had  metamorphosed. 

Juvenile  Study 

The  results  of  the  growth  study  in  the  forced-flow  upwellers  are 
given  in  Table  1 .  No  clam  mortality  was  observed  in  any  treatment 


Day 

Kigurc  1.  Mtan  sur\ival  (±SK|  nf  Spisula  solidissinia  solidissima  larvae 
fed  different  diets  of  microalgae. 
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Day 

Figure  2.  Mean  shell  length  (±SE)  of  Spisiila  solidissima  solidissima 
larvae  fed  different  diets  of  microalgae. 

during  the  3-wk  experiment.  No  significant  difference  in  mean 
shell  length  (p  =  0.3671 )  was  determined  among  treatments  at  the 
end  of  3  wk.  Significant  differences  did  occur  in  biomass.  Juve- 
niles fed  the  TISO  diet  were  significantly  (p  =  0.0016)  greater  in 
biomass  than  juveniles  fed  the  CHAET  diet,  with  the  juveniles  fed 
the  mixed  diet  being  equal  to  both  single  diets  after  1  wk.  At  Week 
2.  no  significant  differences  (p  =  0.0404  ANOVA,  but  Tukey's 
SRT  failed  to  separate  means)  in  biomass  occurred  between  treat- 
ments. By  Week  3.  the  juveniles  fed  the  mixed  diet  (x  =  67.2  ± 
0.9  g)  were  significantly  (p  =  0.0036)  greater  in  biomass  than 
juveniles  fed  either  the  TISO  (60.4  ±  0.5  g)  or  CHAET  (39.6  ±  0.9 
g)  diets  (Table  1 ). 

TABLE  1. 

The  results  of  the  growth  experiments  for  Spisiila  solidissima 

solidissima  seed  grown  in  forced-llow  upweller  units  fed  three  diets 

of  microalgae. 


Mean  Shell 

Mean  Biomass  in 

Length  in 

g  wet  weight  ±  SE 

mm  ±  SE 

Week  1  (ANOVA; 

P  = 

=  0.0016) 

TISO 

19.4  ±  0.23a 

ND 

MIX 

18.2±0.47ab 

ND 

CHAET  10 

16.8  ±  0.16b 

ND 

Week  2  (ANOVA; 

P  = 

=  0.0404) 

TISO 

40.9  ±  0.59a 

ND 

MIX 

40.9  ±  i.22a 

ND 

CHAET  10 

38.3  ±  0.58a 

ND 

Week  3  (ANOVA; 

P  = 

=  0.0056) 

(p  =  0.3671) 

TISO 

60.4  ±  0.47b 

14.1  ±  0.19a 

MIX 

67.2  ±  1.93a 

14.3  ±  0.20a 

CHAET  10 

59.6  ±0.9 lb 

14.4  + 0.20a 

ND,  not  determined.  Data  given  in  g  wet  weight  ±  SE  or  mm  ±  SE.  Letters 
after  means  are  the  results  of  the  Tukey's  SRT  where  same  letters  indicate 
no  significant  difference  in  means. 


DISCUSSION 

Mixed  algal  diets  have  been  shown  to  provide  a  greater  prob- 
ability of  supplying  a  balanced  diet  containing  all  essential  nutri- 
ents for  optimizing  bivalve  growth  than  single  algal  species  diets 
(Loosanoff  and  Davis  1963,  Gruffydd  and  Beaumont  1972,  Epi- 
famo  1979,  Wilson  1980,  Romberger  and  Epifanio  1981,  Bayne 
1983,  Webb  and  Chu  1983).  The  results  from  our  experiments 
demonstrated  mixed  results.  Juvenile  5.  solidissima  fed  a  mixed 
diet  of  TISO  and  CHAET  yielded  greater  clam  .seed  biomass  than 
the  single  algal  species  diets;  whereas,  larval  survival  and  growth 
was  significantly  better  in  the  single  diet  treatment  of  TISO.  These 
results  also  differ  from  similar  feeding  studies  using  TISO  and 
CHAETIO  (C  muelleri  strain  10)  performed  on  larvae  and  juve- 
niles of  M.  mercenaria.  M.  mercenaria  larval  growth  was  greater 
when  fed  a  mixed  diet,  but  had  higher  survival  when  fed  a  TISO 
diet  (Walker  et  al.  1997).  For  M.  mercenaria  cultured  in  force-tlow 
upwellers,  juveniles  grew  faster  fed  a  single  diet  of  TISO  in  two  of 
three  growth  trials.  Unlike  in  the  Spisiila  growth  study  where 
CHAET  was  used.  CHAETIO  was  found  to  be  a  good  larval  food 
for  M.  mercenaria  larvae  (Walker  et  al.  1997).  No  significant 
differences  in  larval  size  occurred  in  two  of  three  growth  trials 
between  Mercenaria  larvae  fed  TISO  and  CHAETIO. 

Tan  Tiu  et  al.  (1989)  working  with  larval  diets  for  three  bivalve 
species,  M.  mercenaria.  Crytopleiira  costata  (Linnaeus),  and 
CrassDSlrea  virginica  (Gmelin),  concluded  (hat  C.  muelleri  (strain 
CHAET14)  could  only  be  used  as  a  larval  ration  in  combination 
with  other  microalgae.  This  is  presumably  attributable  to  the  high 
percentage  of  ash  and  protein  in  Chaetocercos  (Tan  Tiu  et  al. 
1989)  and  consequently  the  low  percentage  of  essential  lipids 
needed  for  growth  and  survival  of  bivalve  larvae  (Gallager  and 
Mann  1986,  Gallager  et  al.  1986.  Waldock  and  Nacimento  1979). 
CHAETIO  also  has  a  high  percentage  of  protein  (percentage  ash 
not  determined)  as  compared  to  lipids  (Nelson  et  al.  1992).  Walne 
( 1970)  found  that  Chaetucercos  calcilrans  supported  good  growth 
in  M.  mercenaria  larvae.  Compared  with  Tan  Tui  et  al.  (1989) 
results,  previous  larval  diet  studies  performed  in  our  laboratory 
indicated  CHAETIO  was  a  good  diet  for  larvae  and  juveniles  of 
Mercenaria  mercenaria  based  upon  growth  and  survival  (Walker 
et  al.  1997).  In  the  present  study.  CHAET  did  not  support  good 
growth  and  survival  of  S.  solidissima  larvae  either  as  a  single  diet 
or  in  combination  with  TISO.  Yet  juvenile  Spisiila  solidissima 
grew  well  when  CHAET  was  used  as  a  single  diet. 

The  diatom  Thalassiosira  pseiidonana  (3H)  did  not  support 
larval  S.  solidissima  culture  as  demonstrated  by  complete  larval 
mortality  when  used  as  a  single  food  source  in  this  study.  T. 
pseiidonana  has  however  promoted  intermediate  growth  in  M. 
mercenaria  and  Crassostrea  virginica  larvae  when  used  as  a  single 
diet,  but  promotes  excellent  growth  when  combined  as  a  mixed 
diet  (Epifanio  1979).  It  was  also  rated  as  an  excellent  food  source 
for  bivalve  larvae  of  Crassostrea  gigas  (Thunberg),  Mytilus  edulis 
(Linnaeus),  Ostrea  edulis  (Linnaeus),  and  Tapes  semidecitssata 
(Reeve)  (Epifanio  et  al.  1976). 

The  results  of  our  study  show  that  both  CHAET  and  TISO 
support  good  growth  and  survival  of  juvenile  S.  solidissima  under 
greenhouse  conditions  in  coastal  Georgia.  A  mixed  diet  of  the  two 
microalgae  produced  the  greatest  growth  in  juveniles  as  opposed  to 
larvae  where  a  single  diet  of  TISO  yielded  optimum  growth.  This 
is  most  fortunate,  especially  for  culturing  early  life  stages  of  S. 
solidissima  given  the  environmental  conditions  experienced  within 
greenhouse  facilities  located  in  the  southeastern  U.S.  TISO  sur- 
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vives  at  temperatures  up  to  34.5°C,  but  does  not  grow  well; 
whereas.  CHAET  grows  and  survives  well  at  temperatures  of  35°C 
(Nelson  et  al.  1992).  During  summer  months  under  greenhouse 
conditions  in  Georgia,  temperatures  routinely  achieve  33'  C  within 
4  and  10  L  carboys.  200  L  Kalwall.  or  2,500  L  tanks  used  for 
culturing  algae  within  the  greenhouse.  TISO  can  be  cultured  dur- 
ing summer  in  temperature-controlled  rooms,  but  considerable  en- 
ergy must  be  expended  both  for  cooling  the  room  and  ambient 
water  as  well  as  for  powering  artificial  lights  needed  for  culturing 
the  algae.  TISO  can  be  cultured  in  the  greenhouse  in  spring  when 
larval  culture  for  S.  solidissima  is  underway.  However  based  on 
the  findings  herein,  using  CHAET  during  summer  months  under 
greenhouse  conditions  provides  a  relatively  inexpensive  source  of 


food  to  ensure  good  growth  and  survival  of  juvenile  S.  solidissima 
under  these  high  temperature-rearing  conditions. 
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ABSTRACT  Juvenile  manila  clams  Tapes  philippinanim  approximately  7  mm  in  length  were  seeded  at  a  density  of  500  clams  per 
square  meter  in  e.xperimental  plots  located  at  Fanny  Bay.  Briti,sh  Columbia.  The  plots  were  dug  using  rakes  either  1,  2.  or  4  times  per 
year  over  a  2-y  period  to  determine  the  impact  of  repeated  digging  on  sublegal  (less  than  .^8  mm  shell  length)  clams.  Survival  of  marked 
juvenile  clams  over  the  2-y  study  period  was  appro.ximately  T7c.  This  was  slightly  lower  than  rates  observed  in  other  studies  but  could 
have  been  attributable  to  severe  winter  conditions  experienced  during  the  first  year  of  the  study.  By  the  end  of  the  study,  the  marked 
clams  had  grown  to  an  average  size  of  approximately  30  mm  and  would  likely  have  reached  legal  size  (38  mm)  within  6  mos.  There 
was  no  significant  difference  in  survival  because  of  repeated  digging  of  the  beach.  There  were  differences  between  blocks  of  plots 
likely  attributable  to  slight  variations  in  substrate  and  elevation.  Total  yield  of  legal  clams  from  the  plots  over  the  2-y  study  was  also 
relatively  insensitive  to  digging  frequency  but  also  depended  on  the  position  of  the  plot  on  the  beach. 


INTRODUCTION 

Hat^esting  a  clam  beach  undoubtedly  has  some  benefits  to 
clam  stocks.  It  removes  older  clams  and  hence  provides  space  and 
presumably,  more  food  for  smaller  clams  which  may  enhance 
grov\th  (Schink  et  al.  1983)  and  recmitment.  Williams  (1978) 
showed  settlement  of  manila  clam  larvae  was  greater  in  areas  that 
had  few  adult  clams  compared  to  areas  with  large  numbers  of 
adults  and  the  work  of  Hall  ( 198,3)  supported  this  finding.  Digging 
mixes  the  substrate  leading  to  oxidation  of  lower  parts  of  the 
substrate  thus  creating  better  habitat  for  clams.  Harvesting  also 
creates  interstitial  spaces  that  provide  protection  for  juvenile  bi- 
valves (Castagna  and  Kraeuter  1977.  1981).  Digging  may  also 
assist  in  elimination  of  some  pests  and  predators  of  clams. 

Digging  has  also  been  shown  to  have  a  detrimental  effect  on 
some  species  of  juvenile  clams.  Studies  on  the  Atlantic  coast  in- 
dicated that  approximately  50%  of  undersized  soft-shell  clams. 
Mya  arenaria.  that  remained  after  harvesting  died  either  from 
breakage  or  smothering  (Needier  and  Ingalls  19-14.  Medcof  and 
MacPhail  1964).  This  observation  led  Medcof  and  MacPhail 
( 1964)  to  conclude  that  frequent  digging  was  probably  responsible 
for  the  decline  in  softshell  clam  landings  on  the  Canadian  Atlantic 
coast  in  the  1950s.  More  recently.  Robinson  and  Rowell  (1990) 
stated  that  incidental  monality  rates  to  soft-shell  clams  during 
harvesting  were  substantially  lower  than  reported  earlier.  Mortali- 
ties ranged  from  2  to  487f.  with  an  overall  mean  of  16.8'7f .  Both 
sediment  type  and  time  of  year  of  harvesting  influenced  mortality 
rates  of  juveniles. 

Economics  is  another  factor  that  sometimes  determines  the  fre- 
quency of  harvesting  clam  beds.  Quayle  (1952)  showed  that  it  was 
most  advantageous  to  harvest  butter  clams.  Sa.\idonnis  giganteus. 
every  3  y.  However,  industry  generally  wants  to  maintain  a  con- 
tinuous harvest  of  steamer  clams,  littleneck,  Protothaca  staminea. 
and  manila.  Tapes  philippinanim.  throughout  the  year  to  maintain 
a  stable  market  supply. 

In  the  past  10  y.  there  was  a  large  increase  in  effort  in  the 
British  Columbia  intertidal  clam  industry,  most  of  which  was  di- 
rected at  harvesting  manila  clams.  Although  the  increase  in  effort 
led  to  a  sharp  increase  in  landings,  it  also  led  to  increased  digging 
pressures  on  many  beaches  in  the  south  coast  district.  In  an  effort 
to  maintain  high  production  levels,  many  beaches  were  dug  four  or 


five  times  in  a  single  year.  In  addition,  some  beaches  were  dug 
poorly  by  inexperienced  harvesters.  Mounds  of  substrate  and  hol- 
lows where  substrate  was  removed  were  left  over  the  surface  on 
the  beach,  a  situation  frequently  observed  on  beaches  where  con- 
siderable recreational  harvesting  occurs.  Small  clams  are  buried  in 
the  mounds  of  substrate  and  the  remaining  hollows  are  often  un- 
suitable as  clam  habitat.  Depending  on  the  degree  of  exposure  of 
the  beach  to  wave  action,  it  may  require  several  months  before  the 
surface  of  the  beach  is  leveled  and  becomes  a  suitable  clam  habitat 
once  again.  It  has  been  assumed  that  repeated  digging  of  clam 
beaches  (i.e.,  digging  beaches  more  than  once  in  a  single  year) 
causes  high  mortalities  of  sublegal-sized  clams,  not  only  of  recruits 
but  of  prerecruits  (clams  under  38  mm  shell  length). 

The  purpose  of  this  in\  estigation  was  to  determine  the  effect  of 
different  harvesting  frequencies  for  commercial-sized  clams  had 
on  survival  of  sublegal-sized  manila  clams.  Marked  juvenile  ma- 
nila clams  (seed)  were  planted  in  experimental  plots  at  known 
densities.  The  plots  were  dug  at  different  frequencies  over  a  period 
of  2  y  and  all  commercial-sized  clams  (38  mm  shell  length)  were 
removed  during  each  harvest.  At  the  end  of  the  experiment,  a 
comparison  was  made  of  the  number  of  marked  clams  in  each  plot 
to  determine  if  survival  varied  with  digging  frequency. 

It  was  anticipated  that  information  obtained  froin  this  study 
would  be  useful  to  managers  to  assist  them  in  determining  how 
frequently  beaches  should  be  dug  not  only  in  the  wild  fishery  but 
also  in  culture  operations.  Management  options  for  wild  stocks 
include  rotational  closures  and  effort  restrictions. 


METHODS 


Experimental  Site 


The  experiment  was  performed  on  a  shellfish  lease  at  Fanny 
Bay,  Baynes  Sound,  on  the  east  side  of  Vancouver  Island  in  the 
Strait  of  Georgia  region  of  British  Columbia.  Four  blocks  were 
established  that  measured  6  m  x  12  m  (Fig.  1).  Each  block  was 
divided  into  eight  equal  plots  that  measured  3  m  x  3  m.  Three  of 
the  blocks  were  in  a  row  and.  the  fourth  was  below  (lower  tide 
level)  the  other  three  blocks. 

There  was  a  slight  difference  in  intertidal  height  of  the  four 
blocks.  The  lowest  point  of  the  plots  was  in  Block  I.  which  was 
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Figure  1.  Schematic  diagram  of  arrangement  of  blocks  and  plots  in 
repeated  digging  experiment,  Fanny  Bay,  Baynes  Sound,  June  199(1  to 
June  1992.  Refer  to  the  methods  section  for  a  description  of  treatments 
and  control. 


about  the  1.7  m  level  (i.e..  1.7  m  above  0  tide  datum).  The  highest 
point,  at  the  top  comer  of  Block  4,  was  53  cm  higher  at  the  2.23 
m  intertidal  level  (Fig.  I).  There  was  a  difference  of  38  min  on  a 
0.3  m  tide  between  the  time  the  lowest  point  was  first  covered  with 
water  until  the  uppermost  part  o(  Block  4  was  covered  with  water. 
Substrate  of  the  area  was  a  mixture  of  sand-gravel-mud  and  was 
considered  good  habitat  for  manila  clams.  There  was  some  small 
rock,  particularly  in  Blocks  3  and  4.  Ghost  shrimp.  CalUanasa 
californiensis.  were  present  in  all  the  plots. 

The  plots  were  established  on  June  5  and  6,  1990.  Corners  of 
blocks  and  plots  were  marked  with  painted  metal  stakes  and  the 
plots  were  delineated  with  colored  polypropylene  twine.  All  plots 
were  covered  with  flexible  VEXAR  mesh  car  cover  that  had  a  1.5 
cm  square  mesh.  A  trench  was  dug  around  the  perimeter  of  each 
block  and  the  edge  of  the  flexible  mesh  was  securely  sunk  into  the 
substrate.  Plots  were  checked  periodically  to  ensure  the  mesh 
cover  remained  tight  and  in  place.  The  plots  were  not  dug  before 
the  beginning  of  the  experiment. 

Juvenile  Manila  Clams 

Manila  clam  seed  was  obtained  from  Kuipcr  Mariculture  Inc.  in 
California  on  June  12.  1990  and  held  in  tanks  with  running  sea 
water  at  the  Pacific  Biological  .Station  (PBS).  A  sample  of  seed 
was  measured  for  shell  length  and  weight  and  the  mean  shell 
length  was  determined  to  be  7.1  mm.  On  June  14  and  15.  gioups 
of  seed  were  dried  and  one  valve  coated  with  fluorescent  paint. 
When  the  paint  dried,  the  seed  was  rolled  over  and  the  other  valve 
painted.  Batches  of  seed  were  out  of  the  water  lor  ahoul  I  h  during 


painting.  After  painting,  the  seed  was  returned  to  tanks  with  run- 
ning sea  water.  A  sample  of  seed  was  examined  under  a  micro- 
scope on  succeeding  days  to  observe  if  mortalities  were  caused  by 
the  painting  process  but  no  mortality  was  found. 

The  painted  seed  was  placed  in  mesh  bags  at  approximately 
4.500  per  package  (estimated  by  weight).  On  June  21.  1990.  the 
packages  with  moist  seed  were  placed  in  a  cooler  and  transported 
to  the  experimental  plots.  Moist  seed  was  planted  randomly  in 
plots  to  give  a  density  of  approximately  500  m"-"  (hatchery  seed) 
on  a  flooding  tide  to  ensure  it  did  not  float  away  but  remained  in 
the  plots.  Plots  were  observed  the  following  day  to  ensure  that  the 
netting  had  remained  in  place  and  that  no  marked  clams  were  on 
the  surface  of  the  substrate. 

Experimental  Design 

The  experiment  began  on  June  21  1990  and  continued  for  2  y. 
Eight  plots  in  each  block  were  randomly  divided  to  give  the  fol- 
lowing digging  regime  (Table  1.  Fig.  1 ).  Four  plots  (4A)  were  dug 
four  times  in  each  year;  four  plots  (2A)  were  dug  twice  in  each 
year;  four  plots  ( I  A)  were  dug  once  in  each  year;  four  plots  (4B) 
were  dug  four  times  in  the  second  year;  four  plots  (2B)  were  dug 
twice  in  the  second  year;  four  plots  (IB)  were  dug  once  in  the 
second  year.  Eight  plots  (0)  served  as  controls  and  were  dug  at  the 
end  of  the  experiment.  Core  samples  (10.2  cm  diameter)  were 
taken  in  four  of  these  control  plots  (OA)  in  September  1991. 

Digging  began  in  September  1990  and  continued  in  December 
1990.  March.  June.  September,  and  December  1991  and  March 
and  June  of  1992  (Table  1).  The  plots  were  dug  with  rakes  or 
scrapers  to  a  depth  of  about  10  cm.  The  substrate  was  worked 
through  the  fingers  and  put  back  into  the  plots.  All  plots  were  dug 
carefully  so  no  piles  of  substrate  or  hollows  remained  on  the  beach. 

It  was  importanl  to  mimic  commercial  digging  as  closely  so  in 


TABLE  1. 
Sampling  schedule  for  digging  plots  in  repeated  digging  experiment. 


Date 


Digging  Activity 


September  13. 

1990 
December  4. 

1990 
March  19  and  20. 

1991 
June  I  I  m  I.V 

1991 

September  .^  in  .s. 
1991 

December  3  to  5. 
1991 


March  IS  In  2(1. 
1992 


Dig  plots  harvested  four  times  in  each  year  (4A) 

Dig  plots  harvested  four  times  in  each  year  (4A) 
Dig  plots  harvested  twice  in  each  year  (2A) 
Dig  pints  liarvested  four  times  in  each  year  (4A) 


June  1992 


Dig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
Take  core  samples  i 
Dig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
I5ig  plots  harvested 
Dig  plots  harvested 
Dig  plots  harvested 
Dig  all  plots 


four  times  in  each  year  (4A) 
twice  in  each  year  (2A) 
once  in  each  year  ( I  A) 
four  times  in  each  year  (4A) 
four  times  in  last  year  (4B) 
n  one  set  of  control  plots  (OA) 
four  times  in  each  year  (4A) 
twice  in  each  year  (2A) 
four  times  in  last  year  (43) 
twice  in  last  year  (2B) 
four  times  in  each  year  (4A) 
twice  in  each  year  (2A) 
once  in  each  year  ( I  A) 
four  times  in  last  year  (48) 
twice  in  last  year  (2B) 
once  in  llic  last  vcai  ( IBl 
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all  bul  the  lasl  harvcsl  (June  1992),  only  coinmeicial-sizcd  clams 
(38  mm  shell  length)  were  removed.  They  were  put  in  plastic  bags, 
labeled  and  returned  to  PBS  tor  measurement.  A  few  clams  har- 
vested during  these  periods  were  under  the  legal  commercial  size 
but  they  amounted  to  less  than  1%  of  clams  harvested.  In  the  last 
harvest  (June  1992),  all  visibly  marked  clams  and  all  clams  over 
about  20  mm  shell  length  were  retained,  put  in  plastic  bags  and 
returned  to  PBS  for  measurement. 

In  September  1991,  six  random  core  samples  were  taken  in 
each  of  four  control  plots  (OA).  The  corer  was  a  10.2  cm  diameter 
pipe  that  was  inserted  into  the  substrate  to  a  depth  of  about  13  cm. 
A  trowel  was  carefully  placed  under  the  end  of  the  pipe  and  all  the 
substrate  in  the  pipe  removed.  The  benthic  core  was  returned  to 
PBS  and  sieved  through  a  series  of  screens,  the  smallest  being  5 
mm.  All  clams  were  removed  and  the  shell  length  and  weight  of 
each  clam  was  recorded.  The  clams  that  were  marked  (painted) 
were  recorded.  Survival  of  marked  clams  to  this  date  was  deter- 
mined by  calculating  the  area  of  the  corer  and  extrapolating  to  give 
the  area  of  the  plot. 

Measurements  Taken 

In  the  first  seven  harvests  (September  1990  to  March  1992, 
inclusive),  a  random  subsample  of  50  clams  (legal  size)  was  taken 
from  each  plot  and  shell  length  of  each  measured  to  the  nearest 
mm  with  vernier  calipers  and  weight  of  each  measured  to  the 
nearest  0.1  gm  with  a  top  loading  balance.  Total  number  and  total 
weight  of  the  remaining  clams  was  recorded. 

Samples  from  the  tlnal  harvest  (June  1992)  were  treated  dif- 
ferently. .Ml  harvested  clams  were  spread  on  a  bench  and  exam- 
ined in  the  dark  with  an  ultraviolet  (UV)  light.  This  quickly  dis- 
tinguished those  clams  with  paint  on  them  (marked  clams).  The 
marked  clams  were  removed  and  kept  separate  and  the  remaining 
clams  (unmarked)  were  separated  into  legal  and  sublegal-size  cat- 
egories. A  random  sample  of  50  sublegal  and  50  legal-sized  un- 
marked clams  was  taken  from  each  plot  and  measured  for  indi- 
vidual shell  length  and  weight.  Total  number  and  total  weight  of 
the  remaining  sublegal  and  legal-sized  unmarked  clams  in  each 
plot  was  recorded. 

A  random  sample  of  50  marked  clams  was  taken  from  each  plot 
and  shell  length  and  weight  of  each  measured.  If  fewer  than  50 
marked  clams  were  found  then  all  were  measured.  Total  number 
and  total  weight  of  the  remaining  marked  clams  in  each  plot  was 
recorded.  Shell  length  and  weight  of  each  marked  and  unmarked 
clam  were  measured  in  the  core  samples  taken  in  September  1991. 

A  random  sample  of  pooled  clams  from  all  plots  was  taken 
from  the  December  1990  harvest  and  growth  rate  determined  by 
measuring  shell  length  to  the  nearest  mm  at  annuli  (Quayle  and 
Bourne  1972J. 

Statistical  Analysis 

Analysis  of  variance  (ANOVA)  was  performed  on  the  square 
root  transformations  of  the  total  number  of  marked  clams  from  the 
final  harvest  to  determine  if  repeated  digging  or  plot  position  had 
any  affect  on  survival.  The  square  root  transformation  is  com- 
monly used  when  dealing  with  counts  and  was  undertaken  to  sta- 
bilize the  variance  (Snedecor  and  Cochran  1980).  ANOVA  was 
also  pertbmied  to  compare  the  production  of  legal-sized  clams  in 


control  plots  with  production  in  plots  dug  twice,  four  times,  and 
eight  times  during  experiment. 


RESULTS 


Siinival  Of  Planted  Seed 


Virluallv  all  marked  clams  found  at  the  end  of  the  experiment 
were  below  the  legal  size.  3S  mm  shell  length.  In  the  following,  all 
marked  clams  have  been  considered  to  be  sublegal  size.  Also,  only 
live  clams  (no  empty  shells)  were  collected  for  analysis. 

There  was  a  wide  range  in  number  and  weight  of  marked  clams 
found  in  the  plots  at  the  final  harvest  in  June  1992  (Table  2).  The 
lowest  numbers  were  7  (0.2'7f )  in  3-2B  and  13  (0.29%)  in  1-0.  the 
highest  number  was  1.1 16  (24.8%)  in  1-2B.  Survival  of  marked 
clams  was  generally  low  at  the  end  of  the  experiment  with  an 
overall  survival  for  all  plots  of  7%. 

ANOVA  showed  there  was  no  significant  difference  in  the 
number  of  marked  clams  attributable  to  the  frequency  of  digging 
(Table  3)  with  F  and  p  values  of  0.372  and  0.908,  respectively,  for 
this  treatment.  There  were  differences  by  Block  (F  =  3.028  and  p 
=  0.052)  indicating  the  position  of  the  plot  on  the  beach  was 
important.  Examination  of  residuals  indicated  the  square  root 
transformation  was  appropriate. 

The  number  and  weight  of  legal-sized  clams  found  in  each  of 
the  plots  over  the  course  of  the  study  are  shown  in  Table  4. 
ANOVA  was  used  to  examine  the  effect  of  digging  frequency  and 
location  on  the  beach  (Block).  As  with  the  marked  clams,  the  data 
were  transformed  (square  root  transformation)  before  analysis. 
There  was  no  significant  effect  of  treatment  (digging  frequency) 
on  either  the  number  (Table  5;  F  =  0.389.  p  =  0.899)  or  weight 
(Table  6;  F  =  0.483.  p  =  0.836)  of  legal-sized  clams  harvested 
from  the  plots.  However,  as  was  the  case  with  marked  clams, 
beach  location  (Block)  had  a  significant  influence  on  both  the 
number  (Table  5;  F  =  6.104.  p  =  0.004)  and  weight  (Table  6;  F 
=  10.052.  p  =  0.0003)  of  legal  sized  clams.  The  analyses  were 
also  conducted  without  transforming  the  data  and  the  results  were 
unchanged. 

TABLE  2. 

Number  (weight  in  grains)  of  marked  clams  found  in  each  plot  at 
end  of  studv. 


Block 

Plot 

1 

2 

3 

4 

0 

13 

615 

287 

279 

(133.3) 

(4598.2) 

(2102.4) 

(1694.5) 

(JA 

967 

23 

154 

384 

(9791.6) 

(185.8) 

(LW7.0) 

(3260.5) 

lA 

794 

309 

218 

269 

(8477.7) 

(2620.1) 

(2184.8) 

(2124.9) 

2A 

201 

204 

55 

372 

(2052.9) 

(2096.6) 

(462.5) 

(2571.3) 

4A 

361 

274 

150 

273 

(4014.3) 

(2182.8) 

(1468.1) 

(1946.6) 

IB 

481 

564 

97 

312 

(5080.2) 

(3795.9) 

(779.5) 

(2121.6) 

:b 

1116 

519 

7 

115 

(10320.1) 

(4462.9) 

(51.2) 

(614.0) 

48 

239 

466 

36 

54 

(2319.7) 

(3835.8) 

(262.3) 

(421.8) 
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TABLE  3. 

ANOVA  of  square  root  transformation  of  the  number  of  marked 
clams  found  in  the  plots  at  the  end  of  the  experiment. 


TABLE  5. 

ANOVA  of  square  root  transformed  number  of  legal-sized  clams 
harvested  over  the  course  of  the  study. 


Plot 

Block 

Residuals 


Df 


Sum  of 
Squares 


Mean 
Square 


F-Value 


Pr  (F) 


7  141.5  20.2  0.372  0.908        Plot 

3  493.5  164.5  3.028  0.052        Block 

21  1140.8  54.3  Residuals 


DF 


7 

3 

21 


Sum  of 
Squares 


Mean 
Square 


89.7 
603.4 
692.0 


12.8 

201.1 

33,0 


F-Value 


0.389 
6.104 


Pr(F) 


0.899 
0.004 


Core  Samples 

Results  of  core  samples  taken  in  .September  1991  are  shown  in 
Figure  2.  The  number  of  marked  elams  in  the  six  core  samples  in 
each  plot  ranged  from  0  in  plot  1-OA  (Block  1)  to  1 1  in  plots  4-OA 
(Block  4)  and  2-OA  (Block  2).  Because  approximately  4,500 
marked  juveniles  were  placed  in  each  plot,  estimated  survival 
ranged  from  0%  in  plot  l-OA  to  44.9%  in  plots  4-OA  and  2-OA  for 
the  15-mo  period.  June  1990  to  September  1991.  Mean  survival 
for  the  four  plots  was  28.6%.  Shell  length  of  marked  clams 
in  core  samples  ranged  from  22  mm  to  31  mm  with  a  mean  of 
26.5  mm. 

Growth 

The  growth  curve,  calculated  by  measuring  winter  annuli.  in- 
dicates that  nianila  clams  in  the  natural  population  attained  the 
legal  size  in  the  commercial  fishery  (38  mm  shell  length)  in  3-3.5 
years  (Fig.  3).  Mean  shell  length  of  clam  seed  planted  in  June  1990 
was  7.1  mm.  At  the  end  of  the  experiment,  the  mean  size  of 
marked  manila  clams  was  30-35  mm.  Hence,  planted  manila  clam 
seed  would  probably  attain  a  shell  length  of  38  mm  by  the  begin- 
ning of  winter  of  1992.  Modal  shell  length  of  marked  clams  in 
plots  dug  four  times  in  each  year  was  slightly  larger  than  in  control 
plots  (Fig.  4). 


TABLE  4. 

Total  number  (weight  in  grams)  of  legal  clams  found  in  each  plot 
over  the  course  of  the  experiment. 

Block 


1 

2 

3 

4 

Plot 

1293 

2404 

1026 

860 

0 

(28004) 

(44798) 

(19829) 

(14946) 

1574 

2481 

1.369 

860 

OA 

(33593) 

(46667) 

(24793) 

(17347) 

1538 

2083 

1523 

1552 

lA 

(28215) 

(34700) 

(27887) 

(26737) 

1550 

2420 

910 

981 

2A 

(28751) 

(38639) 

(15488) 

(16.397) 

2042 

1530 

1256 

1683 

4A 

(35345) 

(30645) 

(20706) 

(269301 

1805 

19.33 

1207 

1483 

IB 

(39749) 

(34096) 

(23701) 

(27320) 

1109 

2074 

1450 

2577 

2B 

(21680) 

(38510) 

(26278) 

(34075) 

2565 

1972 

986 

940 

4B 

(49203) 

(34463) 

(198.30) 

(17920) 

Digging  Efficiency 

Number  and  weight  of  legal-sized  clams  varied  with  time  of 
harvest.  In  plots  dug  two  and  four  times  in  each  year,  the  harvest 
of  legal-sized  clams  increased  until  September  and  then  decreased 
sharply  in  December  (Figs.  5  and  6). 

DISCUSSION 

Survival  of  marked  clam  seed  was  variable  in  plots  but  was 
generally  low  with  a  mean  survival  rate  of  7%  (Table  2).  This  was 
lower  than  the  average  survival  of  planted  seed  reported  in  some 
studies  in  Puget  Sound  (Anderson  et  al.  1982;  Toba  et  al.  1992)  but 
within  observed  limits.  Toba  et  al.  (1992)  reported  survival  as  low 
as  5%  over  a  period  of  2  y  in  one  study  area,  but  it  was  generally 
higher  in  other  areas  ranging  from  30-57%.  Jones  ( 1974)  observed 
survival  ranging  from  I  to  22%  over  a  period  of  25  wk.  He  re- 
ported that  survival  declined  with  increasing  planting  density,  with 
the  highest  survival  obtained  at  planting  densities  of  300  m""  and 
lowest  survival  at  densities  of  1,200  m""^.  Toba  et  al.  (1992)  used 
planting  densities  of  200  m^".  Survival  may  have  been  higher  in 
the  present  experiment  if  lower  planting  densities  had  been  used 
(e.g.,  200  m"-  rather  than  500  m""). 

As  reported  in  other  studies  (Toba  et  al.  1992).  low  survival 
was  not  attributable  to  toxicity  from  painting  or  movement  of  seed 
from  plots.  Low  survival  may  have  been  attributable,  in  part,  to  the 
fact  that  the  plots  were  not  dug  before  planting  of  the  seed  and  the 
surface  of  the  plots  was  not  scuffed  before  planting.  Jones  (1974) 
reported  that  scuffing  the  surface  aided  juvenile  clams  to  quickly 
bury  in  the  substrate  and  possibly  reduce  mortalities  from  preda- 
tion.  Scuffing  the  surface  in  the  present  experiment  might  have 
obliterated  entrances  to  some  ghost  shrimp  tubes  and  hence  elimi- 
nated the  possibility  of  some  seed  being  lost  in  ghost  shrimp  tubes. 

Survival  is  reported  to  be  higher  on  beaches  with  a  gentle  slope 
compared  with  those  with  a  steep  slope  (Chew  1989).  However, 
the  slope  of  the  beach  at  Fanny  Bay  was  gentle  and  virtually  the 
same  for  all  plots.  Difference  in  survival  have  been  reported  with 
position  on  the  intertidal  beach  (Chew  1989),  but  results  are  in- 
conclusive. There  was  a  slight  difference  in  intertidal  height  of  the 

TABLE  6. 

ANOVA  of  square  root  transformed  weight  to  legal-sized  clams 
harvested  over  the  course  of  the  study 


DF 


.Sum  of 
Squares 


Mean 
Square 


F-Value 


Pr(F) 


Plot 

Block 

Residuals 


7 

3 

21 


LW6.9 

124600 

8677.1 


199.6 

4153.3 

413.2 


0.483 
10.052 


0,836 
0,0003 
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Figure  2.  Length  frequency  distribution  of  marked  and  unmarked  clams  found  in  core  samples  taken  from  each  block  in  September  1991. 


four  blocks  in  this  experiment  and  beach  position  was  marginally 
significant  in  this  experiment  (Table  3). 

A  period  of  particularly  cold  weather  that  coincided  with  a 
series  of  low  tides  occurred  during  the  winter  of  1990-1991.  Cold 
temperatures  during  this  period  could  have  caused  mortalities  to 
juveniles  (Bower  et  al.  1986;  Bower  1992).  Mass  mortalities  of 
manila  clams  were  observed  on  this  beach  and  on  other  beaches  in 
the  Strait  of  Georgia  in  the  spring  of  1991.  which  probably  resulted 
from  this  cold  period.  Marked  clams  in  the  plots  could  have  been 
adversely  affected  during  this  period. 

Another  possible  explanation  for  low  survival  is  that  the  paint 
was  eroded  off  some  clams  during  the  experiment,  although  this 
has  not  been  reported  in  other  studies  and  is  not  considered  to  have 
been  a  factor  in  this  experiment  (Toba  et  al.  1992  Heritage  unpubl 
data).  The  UV  light  was  effective  in  identifying  clams  with  only 
specks  of  paint  on  them  and  any  clam  with  a  fleck  of  paint  in  the 
umbonal  area  was  considered  as  a  marked  clam. 
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ANNULUS 

Figure  3.  Growth  rate  of  manila  clams  at  repeated  digging  experimen- 
tal site  at  Fannj  Bay,  Baynes  Sound,  as  measured  by  shell  length  at 
annuli. 


Survival  of  seed  and  recruits  was  probably  higher  in  this  ex- 
periment than  would  be  found  under  natural  conditions.  All  plots 
were  covered  with  flexible  mesh  throughout  the  course  of  the 
experiment  that  minimized  predation  of  seed  and  small  clams  by 
predators  such  as  ducks  and  fish  after  each  harvest  (Anderson  et  al. 
1982.  Chew  1989.  Toba  et  al.  1992).  All  plots  were  dug  carefully 
and  no  mounds  of  substrate  or  hollows  were  left  in  the  plots  thus 
aiding  in  survival  of  juveniles.  Although  these  conditions  may  be 
practiced  in  culture  operations,  they  do  not  always  occur  in  the 
commercial  or  recreational  fisheries;  careful  digging  practices 
might  be  followed,  but  harvested  areas  are  not  protected  from 
predation. 

No  significant  difference  was  observed  in  a  number  of  marked 
sublegal-sized  clams  at  the  end  of  the  experiment  in  plots  exposed 
to  different  harvesting  regimens  (Tables  2.  3).  The  lack  of  signifi- 
cant differences  could  be  attributable  to  several  factors.  Manila 
clams  are  hard  shelled  and  able  to  resist  breakage  better  than 
species  such  as  soft-shell  clams.  Manila  clams  are  buried  at  shal- 
low depths,  unlike  species  such  as  soft-shell  and  butter  clams  and 
even  native  littleneck  clams  (Quayle  and  Bourne  1972.  Schink  et 
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Figure  4.  Length  frequency  of  marked  manila  clams  from  plots  dug 
four  times  in  each  year  and  from  the  control  plots. 
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Figure  5.  Number  of  legal-sized  manila  clams  found  in  plots  dug  four 
times  each  year. 

al.  1983).  Harvest  of  manila  clams  is  by  rakes  and  scrapers  which 
do  not  dig  deeply  into  the  substrate  but  simply  move  the  surface 
layer  of  substrate  around.  This  type  of  digging  does  not  break 
clams  (sublegal  or  legal-sized)  as  readily  as  forks  and  hacks  that 
are  used  to  harvest  deeply  buried  species.  When  manila  clams  are 
dug,  the  substrate  is  generally  not  overturned  as  when  other  species 
are  harvested  and  juveniles  are  usually  not  buried  under  mounds  of 
substrate  except  when  poor  digging  practices  occur.  (Good  digging 
practices  were  followed  in  the  present  experiment).  Hence,  digging 
is  not  as  damaging  to  sublegal-sized  manila  clams  as  it  is  to  other 
deeply  buried  species,  although  repeated  digging  could  cause  in- 
terruptions in  growth. 

Time  of  year  when  harvesting  occurs  may  affect  incidental 
mortality  to  sublegal-sized  manila  clams.  They  could  be  adversely 
affected  if  digging  occurred  on  hot  summer  days  or  during  freezing 
winter  temperatures  (Robinson  and  Rowell  1990;  Bower  1992). 

Experimental  design  may  be  another  reason  for  the  lack  of 
significance  in  survival  of  juveniles  with  different  digging  re- 
gimes. Large  plots  were  used  in  this  experiment  to  eliminate  edge 
effects  and  avoid  problems  associated  with  movement  of  seed  and 
variations  of  populations  observed  within  short  distances  (Hall 
1983).  Digging  many  small  plots  rather  than  a  few  large  plots  may 
have  increased  statistical  precision  that  may  have  shown  signifi- 
cant differences  in  survival  of  juveniles  with  different  digging 
regimes. 

Repeated  harvesting  may  have  a  more  subtle  effect  on  manila 
clam  populations.  Repeated  digging  could  affect  habitat  of  the 
substrate  for  settling  larvae  and  early  juveniles.  These  would  even- 
tually lead  to  reductions  in  populations.  However,  the  number  of 
unmarked  sublegal  clams  found  in  the  plots  at  the  end  of  the  study 
suggests  this  was  not  a  problem. 

Considerable  differences  were  observed  in  manila  clam  popu- 
lation (legal  and  sublegal-size)  in  plots  separated  by  only  short 
distances  (Tables  2-6).  The  ANOVA  showed  there  was  a  signifi- 
cant Block  effect  for  survival  of  planted  seed.  This  situation  is 
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Figure  6.  Number  of  legal-sized  manila  clams  found  in  plots  dug  twice 
each  year. 


frequently  observed  on  many  clam  beaches  in  British  Columbia 
and  illustrates  the  difficulty  in  sampling  clam  populations.  A  rea- 
son for  selecting  large  plots  (9m-)  in  this  experiment  was  to  try  to 
avoid  such  large  variations  (patchiness)  in  clam  populations  within 
small  distances. 

Hall  ( I9S3),  in  a  detailed  study  of  manila  clam  distribution  in 
Puget  Sound,  concluded  that  manila  clam  distribution  resulted 
from  distinct  age  groups  of  larvae  settling  out  to  produce  patches 
with  density  gradients  that  are  roughly  concentric.  As  members  of 
the  patch  grew  and  died,  biomass  in  the  patch  increased  to  a  peak 
and  then  declined.  Small  differences  in  abundance  of  adults  (Wil- 
liams 1978)  or  environiTiental  factors  such  as  tidal  height  and 
substrate  (Chew  1989)  or  ghost  shrimp  abundance  may  have  con- 
tributed to  patchiness  of  manila  clam  distribution  and  survival  ol 
planted  seed  in  the  experimental  plots. 

Considerable  numbers  of  unmarked  sublegal-sized  manila 
clams  were  found  in  core  samples  and  at  the  end  of  the  experiment. 
These  were  from  natural  sets  or  migration  into  the  plots.  The  large 
number  of  unmarked  sublegal-sized  clams  shows  that  natural  sets 
can  be  important  in  culture  operations. 

Growth,  as  measured  by  the  two  methods,  was  similar  to  that 
observed  for  manila  clams  in  other  locations  in  the  Strait  of  Geor- 
gia (Bourne  1982).  A  slight  difference  in  length  frequency  distri- 
bution of  marked  clams  was  observed  at  the  final  harvest.  The 
modal  length  of  clams  in  plots  dug  eight  times  was  slightly  faster 
than  marked  clams  in  control  plots  (Fig.  4).  This  may  rellect  a 
faster  growth  rate  in  manila  clams  in  plots  that  are  dug  more 
frequently  (Shink  ct  al.  1977). 
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ABSTRACT  The  substrate  of  extensive  areas  of  Oregon's  bays  and  estuaries  consists  of  shrimp-infested  (Upogebia  pugeltensis 
[Dana.  1852])  mud  that  is  unsuitable  for  the  aquaculture  of  the  Manila  clam  (7b/)Mp/i/7i>/j(Ha™m  [Adams  and  Reeve  1850]).  Substrate 
modification  (addition  of  epibenthic  oyster  shell)  and  predator  exclusion  devices  (Vexar®  netting  or  cages)  were  used  in  combination 
to  improve  conditions  for  culture  of  Manila  clam  seed  (7.4  mm  and  10  mm)  on  intertidal  shrimp-infested  mudflats.  Application  of  a 
20  cm  layer  of  oyster  shell  to  the  substratum  in  June  1994,  significantly  reduced  recruitment  and  survival  of  young-of  the  year  mud 
shrimp,  but  resulted  in  no  significant  reduction  in  subsequent  juvenile  shrimp  concentrations.  Survival  of  clam  seed  was  poor  in 
unprotected  and  Vexar"  covered  treatments.  In  contrast,  cage  treatments  resulted  in  greater  than  95'7f  survival  of  planted  clams.  Growth 
rales  were  similar  in  all  treatments  (1.8-2.1  mm/mo  during  summer). 

Adult  Hairy  shore  crabs  {Hemigrapsiis  oregonensis  |Dana  1851  ])  appeared  to  be  important  predators  of  Manila  clam  seed  at  the 
Yaquina  Bay  site.  Laboratory  predator-prey  studies  were  conducted  with  both  juvenile  Dungeness  crabs  {Cancer  magisrer  Dana 
1852 — stage  2,  3.  and  4  instars)  and  adult  Hairy  shore  crabs  (size  9-12  and  17-22  mm  carapace  widths).  Juvenile  Dungeness  crabs 
consumed  1.5-2.5  times  more  Manila  clams  than  adult  Hairy  shore  crabs  with  similar  carapace  widths;  however,  Dungeness  crabs 
occurred  at  about  an  order  of  magnitude  lower  densities  than  Hairy  shore  crabs  at  the  Yaquina  Bay  site.  High  densities  and  high 
predation  rates  of  Hairy  shore  crabs  on  Manila  clams  provided  a  possible  explanation  for  poor  survival  of  Manila  clams  in  treatments 
without  cage  protection. 

KEY  WORDS:     Aquaculture.  mud  shrimp,  substrate  modification,  Manila  clam,  Dungeness  crab.  Hairy  shore  crab,  predation 


INTRODUCTION 

Manila  clams  (Tapes  juponica  Deshayes  1853)  were  introduced 
to  the  West  coast,  U.S.A.,  from  Japan  in  the  late  1930s  (Quayle 
1938)  via  imports  of  Pacific  oyster  (Crassostrea  gigcis  Thunberg 
1795)  seed.  Their  range  quickly  extended  southward  to  San  Fran- 
cisco Bay,  and  northward  to  Vancouver  Island  (Quayle  1964).  In 
recent  years,  Manila  clams  have  been  found  occasionally  in  Cali- 
fornia and  Oregon,  but  recruitment  seems  sparse,  as  extensive 
natural  populations  of  these  clams  are  not  evident  in  these  states. 
Planting  Manila  clams  in  Oregon  has  been  unsuccessful,  probably 
because  of  generally  unfavorable  substrate  and  hydrographic  con- 
ditions for  this  species  (Jones  1974).  In  the  U.S.,  Manila  clams  are 
primarily  cultured  in  Washington,  particularly  in  Puget  Sound, 
where  growing  conditions  are  very  favorable  (Anderson  et  al. 
1982;  Cheney  and  Mumford  1986). 

Much  of  Oregon's  estuaiine  intertidal  areas  are  thought  to  be 
unsuitable  for  culture  of  Manila  clams  because  of  their  inherent 
muddy  nature,  typically  associated  with  two  species  of  burrowing 
shrimp:  the  ghost  shrimp,  Neolrypciea  californiensis  (formerly 
Callianassa  californiensis  [Dana  1854];  Manning  and  Felder 
1991)  and  the  blue  mud  shrimp,  Upogebia  pugettensis  (Dana 
1852),  which  are  common  macrofaunal  inhabitants  of  most  estua- 
rine  intertidal  sediments  from  Southeast  Alaska  to  Baja,  California 
(MacGinite  1930,  1934).  Recruitment  of  young-of-the-Year 
(YOY)  shrimp  occurs  in  spring  for  mud  shrimp  and  summer  to 
early  fall  for  ghost  shrimp  (Dumbauld  1994).  These  burrowing 
thalassinidean  shrimp  can  aggregate  in  dense  beds  of  over  500 
individuals  m""^  (Posey  1986).  At  these  high  densities,  bioturbation 
associated  with  shrimp  burrow  construction  and  feeding  activity 
can  negatively  affect  the  structure  of  benthic  communities  by  re- 
ducing numbers  of  tube-dwelling  polychaetes,  amphipods,  clams, 
and  other  sedentary  organisms  (Posey  1986;  Posey  et  al.  1991 ). 


Current  aquaculture  in  shrimp-infested  areas  on  the  west  coast 
of  North  America  is  limited  primarily  to  oyster  culture.  Growers 
must  continually  monitor  oyster  to  ensure  that  they  do  not  sink  and 
suffocate  in  the  unstable  sediment.  One  way  of  increasing  sedi- 
ment stability  is  by  adding  oyster  shell  to  the  substratum.  Addition 
of  an  epibenthic  layer  of  oyster  shell  could  also  act  as  a  nearly 
impenetrable  barrier  to  deter  establishment  of  shrimp  populations. 
Furthermore,  a  layer  of  oyster  shell  has  been  shown  to  harbor  high 
densities  of  YOY  Dungeness  [Cancer  magister)  and  adult  shore 
crabs,  which  could  reduce  shrimp  populations  by  preying  on  newly 
settled  shrimp  larvae  (Iribame  et  al.  1992). 

The  main  objective  of  this  .study  was  to  determine  the  best 
method  for  culture  of  Manila  clams  in  intertidal  areas  infested  with 
mud  shi-imp.  Substrate  modification  and  predatory  exclusion  de- 
vices were  used  to  assess  the  possibility  of  culturing  Manila  clams 
at  an  experimental  site  in  Yaquina  Bay,  Oregon,  Vexar®  netting 
was  initially  used  to  discourage  predators,  but  clam  cages  were 
subsequently  chosen  because  they  offered  better  predator  protec- 
tion. 

Juvenile  Dungeness  crabs  and  adult  Hairy  shore  crabs  (Hemi- 
grapsiis oregonensis  [Dana  1851])  seemed  to  be  important  poten- 
tial predators  of  clams  on  our  intertidal  plots.  Therefore,  experi- 
ments were  performed  to  determine  prey-predator  relationships 
between  Manila  clams  and  both  juvenile  Dungeness  crabs  and 
adult  Hairy  shore  crabs, 

MATERIALS  AND  METHODS 

Effect  of  Vexar  Covering  on  Clam  Sunival  and  Growth 

Site  Selection  and  Preparation  of  Intertidal  Areas: 

Field  experiments  were  conducted  in  Yaquina  Bay,  Oregon,  at 
a  study  site  located  to  the  east  of  the  mouth  of  King's  Slough  at  a 
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tide  level  of  +1  m  MLLW.  This  site  was  chosen  due  to  its  inac- 
cessibility to  the  public  and  dense  concentrations  of  mud  shrimp 
(U.  pugettensis).  The  site  was  also  accessible  by  barge  for  the 
addition  of  oyster  shell  to  the  substrate. 

Four  separate  plots  were  demarcated  at  the  study  site  and  po- 
sitioned at  the  same  tidal  elevation  so  that  each  plot  would  be 
equally  exposed  to  tidal  changes,  currents,  and  wind  direction. 
Each  of  the  four  plots  was  12  m  x  12  m  and  subdivided  into  four 
5  m  X  5  m  subplots  with  1  m  buffer  zones.  These  four  subplots 
were  randomly  assigned  one  of  four  treatments:  1 )  mud  (control), 
2)  mud  with  6.25  mm  Vexar'^'  protective  netting.  3)  crushed  oyster 
shell,  and  4)  crushed  oyster  shell  with  6.25  mm  Vexar®  protective 
netting.  The  crushed  oyster  shell  layer  was  about  20  cm  thick  and 
consisted  of  fragments  of  oyster  shell  from  about  1  to  5  cm  in  size. 
Each  individual  subplot  was  further  divided  into  25  1  m"  sections 
for  sampling  purposes.  The  25  squares  were  assigned  Xs  and  Os 
alternately  resulting  in  a  checkerboard  arrangement.  The  corre- 
sponding Xs  or  Os  picked  (from  coin  toss)  were  randomly  as- 
signed numbers  1-12  to  pre-determine  which  squares  were  to  be 
sampled.  The  study  was  conducted  from  June  1994  to  June  1995. 

Predator  Exclusion 

Vexar®  netting  (6.25  mm  mesh)  was  placed  over  plots  24^8  h 
after  the  oyster  shell  was  deployed,  and  the  net  perimeters  secured 
with  sand-filled  PVC  pipe  and  an  additional  mud  covering  to  en- 
sure there  were  no  gaps  in  the  netting  where  crabs  could  enter. 
Subsequently,  buoys  were  placed  under  the  netting  to  lift  it  off  the 
substrate  at  high  tide,  as  portions  of  the  netting  sometimes  became 
covered  with  sediment  that  could  have  eventually  resulted  in  the 
smothering  of  clams. 

Planting  Manila  Clam  Seed 

On  a  day  scheduled  for  planting  clams,  groups  of  1000  pre- 
bagged  clams  (average  shell  length  7.4  mm;  n  =  100)  were  trans- 
ferred to  styrofoam  coolers  and  kept  moist  and  cool  before  arrival 
at  the  site.  At  the  site,  grids  were  formed  with  nylon  rope  that 
divided  each  5  m  x  5  m  subplot  into  five  sections  to  facilitate 
planting  clams  at  200  m~".  Clams  were  planted  approximately  1  h 
before  the  incoming  tide  reached  the  plots.  Once  clams  were 
seeded.  Vexar*  netting  was  secured  over  designated  plots. 

Core  Sampling  and  Processing 

Core  sampling  was  conducted  within  predetermined  sampling 
squares  approximately  every  3  mo  (except  during  winter)  to  moni- 
tor Manila  clam  growth  and  survival,  as  well  as  densities  of  mud 
shrimp  and  crabs.  The  first  core  sample  was  taken  10  days  after 
planting  the  clams,  on  June  24th  1994. 

Core  samples  were  27.5  cm  in  diameter  and  20  cm  deep.  This 
core  depth  was  chosen  as  it  included  the  normal  depth  range  of 
burrows  of  shore  crabs  and  YOY  mud  shrimp,  allowing  compari- 
son of  relative  densities  of  shrimp  or  crabs  among  plots.  To  ensure 
accurate  positioning  of  the  core  sampler,  a  5  m  x  5  m  quadrat, 
sectioned  into  25  I  m"'^  squares,  was  placed  over  a  given  sub-plot 
area  before  sampling.  The  large  quadrat  was  constructed  of  1  inch 
PVC  pipe  and  nylon  string,  and  was  collapsible  to  facilitate  trans- 
port to  other  plots.  Core  samples  were  taken  from  the  middle  of 
each  I  m"  area,  excavated  by  hand  or  trowel  from  inside  the  core 
tube,  and  double-bagged  in  plastic  garbage  bags.  A  1  nun  mesh  net 
was  used  to  collect  animals  remaining  in  the  sluny  of  mud  and 
water  that  remained  at  the  bottom  of  the  excavation  pit. 


The  cores  were  sieved  through  I  mm  Nitex*  screen  within  3  h 
of  being  taken.  Processed  cores  were  placed  in  1  gallon  Ziploc® 
bags  and  preserved  with  3%  formalin,  buffered  (pH  =  7.5)  with 
calcium  carbonate.  Cores  were  stored  in  large  plastic  containers  in 
a  shaded  area  and  processed  within  2  wk  of  being  excavated.  Core 
samples  were  initially  rinsed  with  fresh  water  to  remove  formalin 
and  then  manually  sorted  under  a  fume  hood.  Immersing  and  mix- 
ing the  cores  in  water  facilitated  separation  of  small  organisms, 
such  as  YOY  shrimp,  from  large  debris.  Numbers  of  adult  and 
juvenile  mud  shrimp.  Manila  clams,  and  Hairy  shore  and  Dunge- 
ness  crabs  were  recorded  per  sample.  Subsamples  of  100  clams 
from  each  sample  were  measured  with  calipers  (to  the  nearest  1 
mm)  for  growth  rate  determination. 

Effect  of  Cage  Protection  on  Clam  Growth  and  Survival 

In  addition  to  Vexar®  netting,  clams  were  also  planted  in  cages 
in  May.  1995.  and  their  growth  and  survival  determined  until 
September,  1995.  Clam  growth  and  survival  in  shallow  clam  cages 
(80  cm  X  55  cm  x  5  cm)  were  compared  with  that  of  clams  in  deep 
cages  (80  cm  x  45  cm  x  10  cm).  Shallow  cages  were  placed  on  top 
of  the  substrate,  whereas  deep  cages  were  buried  approximately  5 
cm  in  the  sediment.  Both  cage  types  were  placed  on  areas  of  either 
crushed  shell  or  mud.  The  cages  were  anchored  with  PVC  piping 
and  cable  ties  to  prevent  movement.  All  clams  from  cages  were 
counted  periodically  to  determine  survival  rates,  and  subsamples 
of  100  clams  from  each  cage  treatment  were  measured  for  growth 
determinations. 

Clam  cages  were  stocked  with  700  clams  10  mm  in  shell 
length;  this  density  (approximately  1850  m~")  was  recommended 
to  avoid  adverse  effects  of  competition  on  clam  growth  (Toba  et  al. 
1992).  Twelve  cages  (triplicate  cages  for  each  of  four  treatments: 
mud/shallow,  mud/deep,  crushed  oyster  shell/shallow,  crushed 
oyster  shell/deep)  were  securely  closed  with  cable  ties,  and  held  in 
a  flow-through  seawater  tank  overnight  before  placement  at  the 
test  site.  Controls  for  the  cage  treatments  consisted  of  either 
exposed  mud  or  crushed  shell  planted  with  clams  at  a  density  of 
400  m--. 

laboratory  Predator-prey  Studies 

A  series  of  laboratory  experiments  were  conducted  to  investi- 
gate feeding  rates  of  Dungeness  and  Hairy  shore  crabs  on  Manila 
clams,  the  effects  of  substratum  type  on  predation.  and  predalion 
size  refuges  for  Manila  clams.  Experiments  involving  juvenile 
Dungeness  crabs  used  post-larval  (PL)  4  crabs  [PL  4  =  16.9-22.8 
mm  carapace  width  (CW);  Palacios  and  Armstrong  1989;  Dinnel 
et  al.  1993|.  Shore  crabs  used  in  laboratory  studies  were  compa- 
rable to  the  Dungeness  PL  4  stages  in  carapace  width.  Although 
shore  crabs  of  16.9-22.8  mm  CW  were  infrequently  found  on  our 
plots,  this  size  range  was  chosen  to  represent  near  maximum  ex- 
pected Manila  clam  predation  rates. 

Dungeness  crabs  were  collected  for  labiiratory  studies  subtid- 
ally  by  SCUBA  from  Alsea  Bay,  Oregon  (approximately  15  miles 
south  of  Yaquina  Bay).  Crabs  were  netted  and  transported  to  the 
Hatfield  Marine  Science  Center  (HMSC)  where  they  were  placed 
in  flow-through  seawater  tanks  at  10°C.  Male  Hairy  shore  crabs 
(with  larger  chelae  than  females)  were  collected  in  close  proximity 
to  HMSC  in  intertidal  rocky  areas.  Hairy  shore  crabs  were  main- 
tained separately  from  Dungeness  crabs.  Crabs  were  starved  1  day 
belore  each  experiment. 

Manila  clams  used  for  laboratory  experiments  were  maintained 
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in  flcnving.  sand-filtered  seauater  at  10°C.  Clam  shell  lengths 
(longest  dimension  of  valves)  were  measured  with  calipers  to  the 
nearest  millimeter.  Clams  were  divided  into  five  size  classes:  2—1 
mm.  5-8  mm.  9-12  mm.  1.1-16  mm.  or  17-20  mm  in  shell  length 
and  stocked  at  300-400.  100.  50.  25.  and  15  clams  per  3  L  con- 
tainer (the  equivalent  to  15.900-21.200.  5300.  2650.  1325.  and 
795  clams  m"~.  respectively).  The.se  stocking  densities  were  much 
higher  than  commercial  planting  densities  and  were  e.stablished  to 
ensure  that  some  clams  would  remain  uneaten  at  the  end  of  each 
predation  experiment.  Each  3  L  beaker  was  supplied  with  1  L  of 
substrate  and  a  continuous  flow  of  unfiltered  seawater  (10°C)  at 
12-15  L/h"'.  Beakers  were  grouped  together  in  shallow  water 
baths  in  natural  light.  Two  substrate  types  (mud,  or  cru.shed  oyster 
shell  with  mud)  were  used  in  the  laboratory  to  simulate  field  con- 
ditions. Mud  was  collected  from  the  Yaquina  Bay  site  and  sieved 
to  remove  invertebrates  and  organic  matter  larger  than  1  mm.  The 
mud  was  then  mixed  with  fresh  water  and  left  for  several  days  to 
kill  any  remaining  organisms.  Whole  oyster  shell  was  crushed  at 
HMSC  and  rinsed  thoroughly  with  fresh  water. 

Clams  were  allowed  to  remain  undisturbed  in  beakers  for  18  h 
before  the  addition  of  crabs  to  allow  them  to  burrow  and  position 
themselves  correctly  in  the  substratum.  Any  clam  that  did  not  bury 
itself  within  the  first  feu  hours  was  replaced.  Crabs  were  generally 
stocked  at  three  per  container  and  allowed  to  prey  on  clams  for  24 
h.  This  stocking  density  of  crabs  (approximately  160  m"")  was 
representative  of  higher  densities  of  H.  oregonensis  seen  on  test 
plots.  Three  replicate  beakers  per  treatment  were  tested.  The  ex- 
periments were  terminated  by  removing  crabs  from  containers,  and 
sieving  and  sorting  substrate  using  a  1  mm  Nitex "  screen  to  sepa- 
rate live  clams  from  the  substrate. 

Statistical  Analyses 

Laboratory  and  field  experiments  were  analyzed  by  multifactor 
ANOVA.  In  the  analysis  of  field  data,  animal  density  was  the 
dependent  variable  and  mdependent  variables  were  treatments 
(substrate  type  and  predator  exclusion  method)  and  plots.  Plot 
effect  was  eliminated  as  a  factor  in  the  ANOVA  model  when  it 
was  found  to  have  no  significant  effect  (p  >  0.05)  on  the  dependent 
variable. 

In  the  analysis  of  laboratory  crab  predation  experiments,  the 
dependent  variable  was  the  percentage  (arcsine  square  root  trans- 
formed) of  clams  consumed.  Independent  variables  for  laboratory 
studies  were  substrate  type,  clam  size,  crab  size,  and  replicate. 

When  significant  main  effects  occurred  (ANOVA;  p  <  0.05). 
Tukey's  HSD  multiple  range  test  was  used  to  investigate  signifi- 
cant differences  among  individual  treatments. 

RESULTS 

Survival  and  Growth  of  Manila  Clams  Protected  with  Vexar®  Netting 

At  the  end  of  the  Vexar"  netting  experiment  (about  1  y  from 
the  time  of  planting),  clam  densities  were  much  reduced  compared 
with  initial  stocking  density  of  250  clams  m"^.  Highest  clam  den- 
sities occurred  in  crushed  oyster  shell  treatments  (average  40  m~^ 
SD  =  21)  and  crushed  oyster  shell  and  Vexar"  (average  16  m"~ 
SD  =  16)  treatments,  and  lowest  in  mud  treatments  (average  3 
m"~  SD  =  3)  and  mud  and  Vexar'  treatments  (average  7  m"-  SD 
=  6;  Fig.  1);  however,  statisfically  there  were  no  significant 
(ANOVA;  p  >  0.05)  differences  among  any  of  the  four  treatments 
with  regard  to  densities  of  Manila  clams  recovered.  This  lack  of 
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Figure  1.  Density  of  Manila  clams  [Tapes  philippinarum)  measured  on 
four  sample  dates  in  Yaquina  Bay,  Oregon.  Each  density  value  was  an 
average  of  three  replicate  samples.  Treatments  were  M  =  mud  (con- 
trol). MA  =  mud  with  6.25  mm  Vexar'  protective  netting,  C  =  mud 
with  crushed  oyster  shell,  d\  =  mud  with  crushed  oyster  shell  and 
6.25  mm  Vexar"  protective  netting.  Clams  were  planted  on  6-14-94  at 
a  density  of  200  m  "  and  sample  1  was,  therefore,  taken  10  days  after 
shell  deployment. 

significance  was  likely  because  of  the  high  variability  in  clam 
densities  among  sub-plot  samples. 

As  there  were  no  significant  differences  among  growth  of 
clams  in  the  four  Vexar®  study  treatments  at  the  Yaquina  Bay  site 
(ANOVA;  p  >  0.05).  clam  growth  values  were  combined  (Fig.  2). 
Highest  clam  growth  occurred  in  the  summer  months  of  the  study 
(June  through  October),  with  clams  showing  an  average  shell 
growth  of  2.1  mm  mo~'  in  1994.  The  overall  growth  rate  for  the 
duration  of  the  studv  was  1.3  mm  mo  '. 
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Figure  2.  Grow  th  of  Manila  clams  ( 7".  philippinarum )  in  V  aquina  Bay, 
Oregon,  in  the  Vexar^  experiment,  (irowth  data  for  clams  sampled 
from  the  various  treatment  plots  (mud  or  crushed  shell,  with  or  with- 
out Vexar'  protective  netting)  were  combined  and  averaged  as  there 
was  no  significant  effect  of  treatment  on  clam  growth  (ANOVA;  p  > 
0.05),  Initial  planting  density  of  clams  was  200  m  '. 
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Survival  and  Growth  of  Manila  Clams  Grown  in  Cages 

Survival  of  Manila  clams  was  highest  for  in-ground  cages 
throughout  the  study  (April  through  October,  1995),  averaging 
95%  for  all  treatments  (deep  and  shallow  cages  in  mud  or  crushed 
oyster  shell).  Unprotected  control  plots  [mud  (M)  or  crushed  oyster 
shell  (C)  substrates]  for  caged  treatments  showed  similar  losses 
(survival  <  10%)  to  those  observed  previously  for  unprotected 
plots  in  the  Vexar®  study,  and  showed  significantly  lower  survival 
(ANOVA:  p-value  <  0.05)  than  for  all  caged  treatments. 

Summer  growth  of  Manila  clams  in  deep  cages  ( 1.8  mm  mo~' 
was  comparable  to  summer  growth  of  Manila  clams  in  the  study 
with  Vexar®  netting  (2.1  mm  mo"').  Clams  in  deep,  semiburied 
cages  exhibited  significantly  higher  growth  rates  compared  to 
clams  in  shallow  cages  placed  on  the  substrate  surface  (Tukey's 
HSD.  p  <0.05;  see  Fig.  3). 

Density  of  Adult  and  Juvenile  Mud  Shrimp 

Juvenile  mud  shrimp  densities  were  up  to  10-fold  lower  in 
shelled  areas  compared  with  control  areas  10  days  after  shell  de- 
ployment. A  Tukey  HSD  multiple  range  procedure  for  densities 
measured  on  the  first  sample  date  (June  1994)  indicated  that 
crushed  oyster  shell  treatments  and  crushed  oyster  shell  with 
Vexar*  treatments  had  significantly  fewer  juvenile  shrimp  than 
mud  or  mud  with  Vexar®  treatments  (p  <  0.05;  Figure  4a).  The 
effect  of  shell  on  juvenile  shrimp  densities  was  short-lived,  how- 
ever, and  at  subsequent  sample  dates,  there  were  no  significant  (p 
>  0.05)  differences  in  juvenile  mud  shrimp  concentrations  among 
treatments. 

Substrate  modification  had  no  significant  effect  upon  adult  mud 
shrimp  densities  at  any  of  the  sample  dates  (ANOVA;  p  >  0.05). 
Densities  of  adult  shrimp  were  generally  highest  at  the  first  sainple 
date  (June  1994),  with  a  maximum  of  126  shrimp  m""  in  the  mud 
treatment  (Figure  4b).  Adult  shrimp  densities  were  lowest  at  the 
third  sample  date  (March  1995).  True  densities  of  adult  shrimp 
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Figure  3.  Growth  of  Manila  clams  {T.  japonica)  in  cages  or  on  exposed 
substrates  (controls)  in  ^  aquina  Ba>,  Oregon.  Shallow  cages  were 
placed  on  the  substrate  surface  while  deep  cages  were  partially  buried 
ill  the  substrate.  Growth  data  for  clams  planted  on  either  mud  or 
crushed  shell  substrates  were  combined  as  there  was  no  significant 
effect  of  substrate  type  on  clam  growth  (ANOVA;  p  >  0.(15).  Initial 
planting  densities  were  7(10  per  cage  or  400  m~'  for  control  treatments. 
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Figure  4a  (Top).  Densities  of  juvenile  mud  shrimp  {Upogebia  pugelte- 
nis)  collected  im  four  sample  dates  in  Yaquina  Bay,  Oregon.  Each 
density  was  an  average  value  from  three  replicate  samples.  Treatments 
were  M  =  mud  (control),  MA'  =  mud  with  6.25  mm  \  exar"  protective 
netting,  C  =  mud  with  crushed  oyster  shell,  CA  =  mud  with  oyster 
crushed  oyster  shell  and  6.25  mm  Vexar-  protective  netting.  Clams 
were  planted  on  6-14-94  at  a  density  of  200  m"'  and  sample  1  was, 
therefore,  taken  ten  days  after  shell  deployment.  4b  (Bottcmi).  Densi- 
ties of  adult  mud  shrimp  (('.  pugettensis)  collected  under  similar  con- 
ditions to  those  described  in  4a. 

may  have  been  higher  than  densities  measured  in  this  study  be- 
cause only  the  top  20  cm  of  the  substrate  were  sampled  in  the  core 
and  adult  mud  shrimp  can  be  found  down  to  at  least  60  cm  below 
the  substrate  surface  (Kristine  Feldman.  pers.  comm.) 

Density  of  Dungeness  and  Hairy  Shore  Crabs 

Densities  of  Dungeness  crabs  found  on  all  plots  were  very  low 
throughout  the  study.  Core  samples  taken  in  June  1994  and  1995, 
which  were  closest  to  Dungeness  recruitment  periods,  showed  an 
average  of  one  to  seven  crabs  m""  for  all  treatments. 

Hairy  shore  crabs  were  a  much  more  common  component  of 
the  tide-tlat  community  than  Dungeness  crabs.  Substrate  type  had 
a  significant  effect  on  density  of  Hairy  shore  crabs,  with  crabs 
occurring  at  significantly  higher  concentrations  (Tukey's  HSD;  p  < 
0.05)  in  shelled  treatments  compared  to  non-shelled  treatments  in 
samples  taken  in  .liinc  and  October  1994  and  in  June  1995  (Fig.  5). 

iMhoratory  I'rvdalion  Studies 

Predaliim  rates  of  both  Hairy  shore  crabs  and  Dungeness  crabs 
ol  comparable  sizes  (17-22  mm  CW)  on  three  sizes  of  Manila 
clams  arc  shown  in  Figure  6.  Substrate  type  had  no  significant 
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Figure  5.  Density  of  Hairy  shore  crabs  iHemigrapsiis  oregonesis)  in 
Vaquina  Bay,  Oregon,  collected  on  four  sample  dates.  Treatments 
were  M  =  mud  (control),  MA  =  mud  with  6.25  mm  Vexar"  protective 
netting,  C  =  mud  with  crushed  oyster  shell,  CA'  =  mud  with  crushed 
oyster  shell  and  6.25  mm  \  e\ar  protective  sheeting.  Clams  were 
planted  on  6-14-94  at  a  density  of  200  m~-  and  sample  1  was,  therefore, 
taken  10  days  after  shell  deployment. 


(ANOVA:  p  >  0.05)  effect  on  predation  of  clams  by  either  crab 
species,  so  it  was  removed  from  the  main  model.  Crab  species  and 
clam  size,  however,  had  significant  (ANOVA;  p-value  <  0.05) 
effects  on  the  quantity  of  clams  consumed.  Dungeness  crabs  al- 
ways ate  more  Manila  clams  than  comparably  sized  Hairy  shore 
crabs  and  were  significantly  more  effective  (Tukey's  HSD;  p  < 
0.05)  at  consuming  2— t  mm  and  5-8  mm  sized  Manila  clams 
compared  v\ith  to  Hairy  shore  crabs. 

The  size  of  Manila  clam  had  a  significant  (ANOVA:  p  <  0.05) 
effect  on  crab  predation  rates  and  the  quantity  of  9-12  mm  clams 
consumed  by  Hairy  shore  crabs  was  significantly  greater  (Tukey 
HSD;  p  <  0.05)  than  the  quantity  consumed  of  either  I.V16  mm  or 
17-20  mm  Manila  clams.  There  was  a  refuge  size  of  17  mm  for 
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Figure  6.  Comparative  predation  on  Manila  clams  iT.  japoiiica)  by 
Dungeness  (Cancer  magisler)  and  Hairy  shore  crabs  (Hemigrapsus  or- 
egonensis).  Treatments  were  M  =  mud,  C  =  crushed  oyster  shell,  with 
different  sizes  (shell  lengths)  of  Manila  clams.  Clams  were  stocked 
according  to  clam  size:  2-^  mm  clams  @  19000  m"',  5-8  mm  clams  (s' 
4800  m"-,  and  9-12  mm  clams  C?  240(1  m"'.  Crab  size  (carapace  width) 
was  16.9-22.3  mm  for  all  treatments.  The  S.D.  of  triplicate  determi- 
nations was  zero  for  predation  by  Dungeness  crabs  on  2  to  4  nmi 
clams. 


Manila  clams  when  preyed  upon  by  large  ( 17-22  mm  CW)  Hairy 
shore  crabs  (Fig.  7). 

DISCUS.SION 

The  use  of  predator  exclusion  devices  for  Manila  clam  culture 
is  practiced  widely  in  the  aquaculture  industry  (Jory  et  al.  1984).  In 
typical  culture  areas  with  a  gravel  substrate.  Vexar®  netting  seems 
to  be  the  least  expensive  and  most  effective  method  for  protecting 
Manila  clam  seed  from  predators  (Toba  et  al.  1992).  In  shrimp- 
infested  muddy  areas,  however,  we  found  that  this  method  of 
predator  control  was  unsuitable  for  two  reasons.  First,  with  muddy 
substrates,  complete  predator  removal  (especially  that  of  small, 
inconspicuous  predators  like  shore  crabs)  was  difficult  before 
Vexar*  application  and  crabs  could  be  trapped  under  netting  with 
clam  seed  and  cause  significant  mortalities. 

Second,  clams  may  become  smothered  by  sediment  that  accu- 
mulates on  the  Vexar®  net.  This  was  very  apparent  in  this  study 
because  sedimentation  rates  in  the  Yaquina  estuary  were  high. 
After  placing  buoys  underneath  the  Vexar*  netting,  we  found  that 
the  nets  remained  free  of  siltation  for  the  duration  of  the  study. 

In  contrast  to  Vexar'"'  netting,  cages  were  completely  self- 
contained  and  pre-existing  crab  populations  were  readily  excluded. 
Predator-exclusion  cages  have  been  used  in  many  studies  to  pro- 
tect bivalves,  such  as  scallops  (Bricelj  et  al.  1993).  and  clams 
(Marelli  and  Arnold  1990).  The  cages  used  in  this  study  provided 
excellent  recoveries  of  Manila  clams  (average  95%),  and  did  not 
become  smothered  with  sediment.  Although  cages  are  a  costly 
initial  investment  compared  with  Vexar*  netting  (Toba  et  al. 
1992),  cages  are  desirable  in  that  they  are  more  durable  than 
Vexar®  netting,  re-usable  for  at  least  5  y  (Vince  Perelli-Minetti, 
Olympia  Clams,  pers.  comni.),  and  eliminate  the  need  to  hand  rake 
clam  beds  for  harvest. 

One  aspect  of  this  study  was  to  compare  the  effect  of  substrate 
type  on  Manila  clam  culture.  Toba  et  al.  ( 1992)  gave  an  overview 
of  .studies  on  the  growth  of  Manila  clams  planted  in  various  sub- 
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Figure  7.  Effect  shell  length  of  Manila  clams  {T.  japonica)  on  preda- 
tion by  Hairy  shore  crabs  (//.  oregunensis:  CW  17-22  mm). 
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strates,  and  concluded  that  the  ideal  substrate  was  a  loosely  packed 
mixture  of  gravel,  sand.  mud.  and  shell  (Miller  1982).  It  is  gener- 
ally thought  that  gravel,  shell,  and  mud  combined  in  a  loosely 
packed  substrate  create  interstitial  spaces,  which  increase  water 
flow  immediately  below  the  surface  of  the  substrate,  allowing 
clams  to  reside  deeper  in  the  substrate  and  remain  more  protected 
from  predators. 

Substrate  at  the  Yaquina  Bay  site  was  composed  primarily  of 
mud  and  sand,  making  it  unstable  compared  to  graveled  or  shelled 
areas.  Modification  of  the  substrate,  by  adding  an  epibenthic  layer 
of  oyster  shell,  improved  substrate  firmness  although  it  did  not 
significantly  affect  (p- value  >  0.03)  survival  or  growth  of  Manila 
clams.  Densities  of  juvenile  tnud  shrimp  were  initially  signifi- 
cantly reduced  by  the  addition  of  oyster  shell,  suggesting  that 
deployment  of  shell  timed  with  mud  shrimp  recruitment  periods 
could  result  in  reduced  settlement  of  juvenile  shrimp;  however,  an 
epibenthic  layer  of  oyster  shell  did  not  affect  adult  mud  shrimp 
densities,  and  their  burrows  appeared  through  the  20  cm  thick  layer 
of  shell  several  days  after  deployment.  Sedimentation  and  smoth- 
ering of  clams  as  a  result  of  the  activities  of  mud  shrimp  are, 
therefore,  unlikely  to  be  significantly  reduced  by  deploying  a 
single  layer  of  oyster  shell,  although  continuous  additions  of  shell 
may  eventually  result  in  a  finner  substrate  that  prevents  the  estab- 
lishment of  high  shrimp  populations. 

It  is  unlikely  that  the  high  losses  of  Manila  clams  in  the  Vexar® 
study  were  because  of  escapment  through  the  Vexar*  mesh  be- 
cause the  mesh  was  smaller  than  the  clams  (7.4  mm  clam  vs  6.25 
mm  mesh  netting).  The  probable  explanation  for  high  losses  of 
non-caged  Manila  clam  seed  at  the  Yaquina  Bay  site  was  predation 
by  crabs.  Significant  crab  predation  on  bivalves  has  been  reported 
by  many  researchers  in  the  field  and  laboratory  (e.g..  Gibbons 
1984;  Palacios  and  Annstrong  1989;  Mansour  and  Lipcius  1991; 
Summerson  et  al.  1994;  Ebersole  and  Kennedy  1994;  Micheli 
1997).  Both  Hairy  shore  crabs  and  juvenile  Dungeness  crabs  were 
present  at  the  Yaquina  Bay  site  when  the  high  initial  losses  of 
clams  occurred.  Although  densities  of  Dungeness  crabs  were  low 
(1  to  7  m""),  densities  of  Hairy  shore  crabs  at  the  first  sample  date 
of  the  Vexar®  study,  10  days  after  planting  clams,  ranged  from  10 
to  1 15  crabs  m~".  with  higher  densities  occurring  in  shelled  areas. 
The  high  densities  of  crabs  in  Vexar®  covered  plots  were  probably 
due  to  crabs  being  trapped  underneath  the  Vexar®  netting  when  it 
was  initially  deployed  over  the  plots.  Crabs  were  excluded  from 
caged  clams  resulting  in  greater  survival. 

Laboratory  experiments  indicated  that  large  Hairy  shore  crabs 


(17-22  mm  CW)  consumed  approximately  7-10  clams  day" 
crab  '  (9-12  mm  Manila  clams),  whereas  smaller  Hairy  shore 
crabs  (9-11  mm  CW).  typical  of  the  size  of  crabs  seen  at  the 
Yaquina  Bay  site,  consumed  on  average.  3.2  seed  (7  mm)  clams 
day" '  crab" '  (Smith  1 996).  Based  on  densities  of  Hairy  shore  crabs 
and  laboratory  predation  rates,  it  can  be  estimated  that  the  popu- 
lation of  crabs  at  the  Yaquina  Bay  site  was  more  than  capable  of 
reducing  the  initial  densities  of  200  seed  clams  m""  in  the  Vexar* 
experiment  to  the  low  densities  observed  at  the  first  sample  date, 
10  days  after  planting  the  clams. 

At  most  commercial  clam  grow-out  sites  on  the  West  coast. 
U.S.A.,  a  market-sized  clam  (.38  mm  shell  length)  can  be  produced 
in  2  y,  but  in  southern  areas  of  Puget  Sound.  Washington  State,  the 
grow-out  period  can  be  as  little  as  15-18  mo.  The  summer  (April 
to  October)  monthly  growth  rates  of  Manila  clams  at  the  Yaquina 
Bay  site  were  approximately  2.1  mm  mo"'  for  Vexar®  treated  plots 
and  1.8  mm  mo"'  for  in-ground  cages.  First-year  clam  growth 
rates  at  the  Yaquina  Bay  site  were  comparable  to  those  reported  for 
the  Puget  Sound  area.  A  market-size  clam  (38  mm)  would  be 
attainable  in  Yaquina  Bay  after  30  months  of  growth  (2.5  y ).  which 
would  require  one  additional  summer  of  growth  compared  to  typi- 
cal Manila  clam  culture  in  Washington  State. 

Despite  slower  growth,  successful  culture  of  Manila  clams  in 
mud  shrimp-infested  areas  appears  biologically  and  economically 
possible,  provided  that  in-ground  cages  are  used.  Successful  farms 
based  on  cage  culture  of  Manila  clams  in  Puget  Sound.  Washing- 
ton State,  also  indicate  the  economic  feasibility  of  this  approach. 
Presently,  thousands  of  acres  of  shrimp-infested  mudflats  are  not 
utilizable  for  aquaculture  in  Oregon's  bays  and  estuaries.  Culturing 
the  highly  valuable  Manila  clam  in  these  environments  could  bet- 
ter use  Oregon's  natural  resources,  and  potentially  lead  to  expan- 
sion of  present  aquaculture  endeavors  as  well  as  diversification  of 
shellfish  production  in  Oregon. 
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EFFECT  OF  EXTENDER  SOLUTIONS  AND  DILUTION  ON  MOTILITY  AND  FERTILIZING 

ABILITY  OF  EASTERN  OYSTER  SPERM 
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ABSTRACT  Optimization  of  conditions  for  short-term  storage  of  gametes  is  important  for  the  production  of  seedstock  and  genetic 
management  of  hroodstock  in  aquaculture.  We  conducted  a  series  of  experiments  to  evaluate  refrigerated  storage  of  sperm  of  the 
Eastern  oyster  {Crassostiea  viginica).  Our  objectives  were  to:  1 )  compare  motility  of  oyster  sperm  suspended  in  artificial  seawater 
(ASW)  at  five  osmotic  pressures  (22,  203,  403.  601,  or  833  mOsm/kg)  over  24  h:  2)  compare  motility  of  sperin  suspended  in  solutions 
of  ASW.  Hanks'  balanced  salt  solution  (HBSS),  or  DCSB4  solution  (all  at  833  mOsm/kg)  over  4  days  of  refrigerated  storage:  3) 
coinpare  motility  of  sperm  suspended  in  ASW  or  HBSS  (833  mOsm/kgjin  six  ratios  of  sperm:extender(l:0.  1:1.  1:3,  1:7.  l:15.orl:31) 
over  4  days  of  refrigerated  storage,  and  4)  compare  motility  and  fertilizing  capacity  of  oyster  suspended  in  ASW  (200  and  830 
mOsm/kg).  ASW  with  bVc  glycine  (ASW+G),  HBSS,  and  calcium-free  HBSS  (C-F  HBSS)  (all  at  830  mOsm/kg).  Significant 
differences  (/;  <  0.001)  were  found  in  the  motility  of  sperm  suspended  in  ASW  of  different  osmotic  pressures.  No  significant  differences 
(/)  =  0.267)  were  found  in  motility  of  sperm  suspended  in  ASW.  HBSS.  or  DCSB4.  Significant  differences  (;;  <  0.001 )  were  found 
in  the  motility  of  sperm  suspended  in  different  ratios  of  sperm:extender.  The  highest  motility  was  found  in  undiluted  sperm  and  the 
lowest  in  the  1:31  dilution  for  sperm  suspended  in  ASW  or  HBSS.  Significant  differences  (/j  =  0.(J001 )  were  found  in  motility  of  sperm 
suspended  in  various  extenders.  The  highest  motility  was  found  in  sperm  diluted  in  CF-HBSS  (96%).  and  the  lowest  in  sperm  diluted 
in  ASW  at  200  mOsm/kg  (12%).  The  highest  percent  fertilization  (48%)  (as  measured  by  larval  development  at  12  h)  was  obtained 
when  eggs  were  fertilized  with  sperm  diluted  in  C-F  HBSS.  These  results  indicate  that  for  storage  (4  days),  it  is  best  to  leave  sperm 
samples  undiluted.  However,  when  sperm  samples  are  diluted  for  use  within  24  h.  it  is  best  to  maintain  high  sperm  concentrations  and 
to  use  C-F  HBSS  as  an  extender. 

A'£}'  WORDS:     Crassostrea  virginica.  sperm,  motility,  extenders,  storage,  fertilizing  ability,  larvae. 


INTRODUCTION 

The  Eastern  oyster,  Crassostrea  virginica  (Gmelin  1791 ),  is  an 
important  resource  of  the  Atlantic  and  Gulf  coasts,  and  many 
studies  have  addressed  cuUure  of  this  species  (e.g.,  Loosanoff 
1963,  Galstoff  1964,  Dupuy  et  al.  1977).  Artificial  spawning  tech- 
niques have  been  developed  (Stephano  and  Gould  19SS.  Ramper- 
sad  et  al.  1994)  and  cryopreservation  of  sperm  has  been  studied 
(Zell  et  al.  1979.  Yankson  and  Moyse  1991).  Although  refrigerated 
storage  of  fish  sperm  is  well  studied  (Stoss  et  al.  1972,  Hara  et  al. 
1982).  studies  of  refrigerated  storage  of  oyster  sperm  are  lacking. 
Short-term  storage  of  oyster  sperm  (for  a  few  hours  or  days)  can  be 
useful  for  aquaculture.  Stored  samples  can  be  transported  from  the 
spawning  site  to  distant  facilities  for  use  in  genetic  studies  and 
artificial  breeding  programs.  Short-term  storage  offers  the  possi- 
bility of  controlling  factors  that  can  affect  sperm  quality  such  as 
osmotic  pressure  and  bacterial  contamination.  Another  benefit  of 
short-term  storage  and  dilution  of  oyster  sperm  is  the  possibility  of 
using  this  information  for  refinement  of  cryopreservation  tech- 
niques. 

Sperm  quality  is  ultimately  defined  by  the  ability  to  fertilize 
eggs  (Aas  et  al.  1991).  Some  factors  that  can  influence  the  natural 
quality  of  oyster  sperm  are  disease,  environmental  conditions,  and 
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genetic  variability  among  males.  In  the  short-term  storage  of  oyster 
sperm,  factors  such  as  osmotic  pressure,  sperm  concentration,  bac- 
terial containination.  temperature,  oxygen  content,  dissolved  or- 
ganic matter,  and  pH  are  important.  Control  of  these  factors  in 
other  aquatic  species  has  improved  the  success  of  refrigerated 
storage  (Stoss  et  al.  1972).  Sperm  motility  is  a  commonly  used 
indicator  of  sperm  quality  and  is  usually  expressed  as  the  percent- 
age of  motile  sperm  observed  after  activation  (Redondo-Muller  et 
al.  1991). 

Among  invertebrate  species,  the  sea  urchin  has  been  used  as  a 
model  for  sperm  study  demonstrating  that  factors  such  as  dilution 
and  CO,  concentration  play  important  roles  in  motility  intensity 
and  duration  (Gray  1928a,  Gray  1928b).  Few  studies  have  exam- 
ined factors  influencing  motility  of  oyster  sperm.  Humphrey 
( 1950)  reported  that  oyster  sperm  suspended  at  less  than  6  x  10*" 
cells/mL  rapidly  lost  motility.  The  effect  of  amino  acids  and  other 
nutrients  in  prolonging  the  functional  life  of  suspended  spermato- 
zoa has  been  examined.  Glycine  is  utilized  for  energy  production 
when  the  normal  efficiency  of  the  oxidative  process  is  decreased 
(Jeffrey  1954a).  and  copper,  zinc,  and  cadmium  at  low  concentra- 
tions can  be  beneficial  to  oyster  sperm  motility  (Jeffrey  1954b). 
Seawater  (Yankson  and  Moyse  1991 ).  Hanks"  phosphate-buffered 
salt  solution  (Zell  et  al.  1979).  and  other  buffers  such  as  DCSB4 
(Bougrier  and  Rabenomanana  1986)  have  been  used  successfully 
as  extenders  for  cryopreservation  studies  for  sperm  of  C.  virginica, 
C.  gigas,  C.  tulipa,  C.  iredalei,  and  Saccostrea  cucullata  (with 
storage  in  buffers  for  30  min  or  less). 
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The  goal  of  this  work  was  to  evaluate  extenders  and  dilutions 
used  for  refrigerated  storage  of  Eastern  oyster  sperm.  Our  objec- 
tives were  to:  1 )  compare  motility  of  sperm  stored  undiluted  or 
suspended  in  artificial  seawater  (ASW)  of  five  osmotic  pressures 
(22.  203,  403,  601,  and  833  mOsm/kg)  during  24  h;  2)  compare 
motility  of  sperm  suspended  in  833  mOsm/kg  solutions  of  ASW. 
Hanks"  balanced  salt  solution  (HBSS),  and  DCSB4  during  4  days 
of  refrigerated  storage;  3)  compare  motility  of  sperm  stored  for  4 
days  in  ASW  or  HBSS  (833  mOsm/kg)  at  six  ratios  of  sperm:ex- 
tender(l:0,  hi,  1:3.  1:7.  1:15.  and  1:31 ).  and  4)  compare  motility 
and  fertilizing  capacity  of  sperm  stored  in  ASW  at  200  or  833 
mOsm/kg,  ASW  with  6%  glycine  (ASW-i-G)  at  833  mOsm/kg.  and 
HBSS  and  calcium-free  HBSS  (C-F  HBSS)  at  830  mOsm/kg. 
which  might  help  to  decrease  acrosome  reaction  and  agglutination, 
factors  that  could  be  in  part  responsible  for  loss  of  fertilizing 
ability  (Gonzalez-Martinez  et  al.  1992). 

MATERIAL  AND  METHODS 

In  this  paper,  solution  abbreviations  are  followed  by  the  osmo- 
lality of  the  solution.  For  example,  an  artificial  seawater  solution 
of  830  mOsm/k>j  would  be  abbreviated  as  ASW  830. 


Oyster  Collection 

Oysters  were  collected  from  a  hatchery  on  Grand  Isle.  Louisi- 
ana, and  transported  to  the  Louisiana  State  University  Agricultural 
Center.  Aquaculture  Research  Laboratory,  Baton  Rouge.  Oysters 
were  opened  and  inspected  visually  for  the  presence  of  gonad 
development  and  promuient  genital  canals  (Supan  1996).  A  gonad 
sample  was  collected  with  a  capillary  tube  and  smeared  on  a  glass 
microscope  slide  for  examination  at  200X.  Sex  was  identified 
based  on  the  presence  of  eggs  or  sperm. 

Gamete  Preparation 

Gamete  samples  were  removed  from  each  oyster  by  the  dry 
stripping  method  of  Allen  and  Bushek  (1992).  The  gonad  was 
gently  disrupted  and  gonadal  material  collected  with  a  Pasteur 
pipette.  A  10-|jiL  sample  was  removed  from  the  gonad  to  measure 
osmolality  with  a  vapor  pressure  osmometer  (Model  5500,  Wescor 
Inc..  Logan.  Utah.  USA).  Egg  or  sperm  samples  were  placed  in 
50-mL  beakers  until  suspension  in  an  extender.  After  suspension, 
eggs  sample  were  washed  through  a  TO-jjim  screen,  collected  on  a 
15-|xm  screen,  and  suspended  in  ASW  601.  For  sperm,  samples 
were  washed  through  70-p.m  and  15-p,m  nitex  screens  (Aqua- 
center,  Leland.  Mississippi,  USA)  and  motility  was  estiinated  as 
described  below. 

Motility  Estimation 

A  10-p.L  sample  was  removed  from  undiluted  sperm  or  sus- 
pensions to  estimate  motility.  The  sample  was  mixed  with  20-|j.L 
ASW  601  on  a  glass  microscope  slide.  The  percentage  of  sperm 
exhibiting  vigorous  forward  movement  was  estimated  at  200X 
using  darkfield  microscopy  (Optiphot  2,  Nikon  Inc.  Garden  City, 
New  York).  Sperm  vibrating  in  place  were  not  considered  to  be 
motile.  Only  males  with  actively  swimming  sperm  (>90%)  were 
.selected  for  experimentation. 

Throughout  the  experiments,  five  extender  solutions  were  used: 
ASW  (Fritz  Super  Salt.  Fritz  Industries.  Inc.  Dallas,  Texas.  USA). 
ASW  with  6%  glycine.  HBSS  (Tiersch  et  al.  1994).  C-F  HBSS 
(Tiersch  el  al.  1997),  or  DCSB4  (Bougrier  and  Rabenomanana 
1986).  All  chemicals  (except  ASW)  were  of  reagent  grade  (Sigma 


Chemical  Corp.,  St.  Louis,  Missouri,  USA).  All  the  solutions  were 
made  fresh,  filtered,  and  adjusted  to  pH  7.6  (Table  1 ) 

Experiment  1:  Sperm  Motility  in  ASW  of  Different  Osmotic  Pressures 

Sperm  samples  were  collected  from  three  males  (initial  motility 
was  99%  for  all  samples).  Aliquots  of  250  |xL  from  each  sample 
were  suspended  in  ASW  of  22,  203,  403,  601.  or  833  mOsm/kg. 
Osmolality  of  suspensions  was  measured  with  a  vapor  pressure 
osmometer.  The  final  volume  of  each  sperm  suspension  and  go- 
nadal samples  was  adjusted  to  30  mL.  Samples  (10  p.L)  were 
examined  for  sperm  motility  every  4  min  for  1  h  and  once  every 
hour  for  the  following  2  h.  To  determine  if  sperm  suspended  in 
ASW  22  or  ASW  203  could  regain  motility.  IO-|xL  samples  were 
diluted  with  20  (jlL  of  fresh  ASW  833  and  incubated  for  5  min. 
After  these  observations,  sperm  were  refrigerated  at  4'C.  Sperm 
inotility  was  estimated  again  at  24  h  after  warming  to  room  tem- 
perature (21°C). 

Experiment  2:  Sperm  Motility  in  ASW.  HBSS,  and  DCSB4 

Based  on  Experiment  1 .  osmolality  was  set  at  833  mOsm/kg  for 
subsequent  experiments.  Sperm  samples  from  three  males  were 
suspended  in  ASW.  HBSS.  and  DCSB4  using  the  procedures  de- 
scribed above.  Sperm  concentrations  were  estimated  with  a  Makler 
sperm  counting  chamber  (Sefimedical  Instruments,  Haifa,  Israel). 
Concentrations  were  adjusted  to  1  x  10*  sperm/mL  according  to 
Gray  (1928a)  and  the  suspensions  were  refrigerated  at  4°C.  Mo- 
tility was  monitored  daily  for  4  days.  All  suspensions  were  allowed 
to  warm  to  room  temperature  before  motility  assessment. 

Experiment  3:  Sperm  Motility  in  ASW  and  HBSS  in  Five  Dilutions 

Sperm  samples  from  three  males  were  stored  undiluted,  or 
suspended  in  ASW  833  or  HBSS  833  at  six  ratios  of  spenn:ex- 
tender(l:0,  1:1,  1:3,  1:7,  1:15,  1:31).  As  in  Experiment  2.  samples 
were  refrigerated  and  motility  was  monitored  daily  for  4  days. 

Experiment  4:  Sperm  Motility  and  Fertilizing  Capability  in  Five 
Extenders 

Sperm  samples  from  three  males  were  stored  undiluted,  or 
suspended  in  the  following  extenders:  ASW  200,  ASW  833, 
ASW+G  833.  HBSS  830.  and  C-F  HBSS  830.  Sperm  concentra- 
tions were  estimated  w  ith  a  Makler  counting  chamber  and  the  final 

TABLE  1. 

Ingredients  of  Hanks"  balanced  salt  solution  (HBSS).  calcium-free 
HBSS  (C-F  HBSS).  and  nCSB4  solutions  (Bougrier  and 
Kahenonianana  1986)  used  to  dilute  Easter  oyster  sperm. 


Concentration  (g/L) 

Ingredient 

HBSS 

C-F  HBSS 

DCSB4 

NaCl 

24 

24 

24 

KCl 

1.2 

1.2 

— 

CaCl,-2H,0 

0.48 

— 

0.31 

MgS04-7H,0 

0.6 

0.6 

0.31 

Na,HP0v7H,0 

0.36 

0.36 

— 

KH,POj 

0.18 

0.18 

— 

NaHCO. 

1.05 

l.O.^i 

— 

C„H,,0„  (gkiLOse) 

3 

3 

— 

Tris-HCl 

— 

— 

2.98 
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concentration  was  set  at  5  x  10''  sperm/mL.  Sperm  motility  was 
estimated  alter  suspension  for  3  min.  Eggs  of  three  ripe  females 
were  used  to  determine  the  fertilizing  ability  of  sperm  suspended 
in  the  different  extenders.  Concentration  of  eggs  was  determined 
b\  counting  of  1-niL  aliquots  in  a  Sedgewick-Rafter  chamber 
(Hausser  Scientific  Parthership,  Horsham,  Pennsyhania).  Seven 
thousand  eggs  (35  eggs/mL)  were  suspended  and  incubated  for  1 
h  in  200  mL  of  ASW  830  in  400-mL  plastic  beakers  (VWR  Sci- 
entific Inc.  St.  Louis.  Missouri.  USA).  After  12  h  of  incubation 
(post-fertili/ation)  at  20°C.  the  number  of  trochophore  larvae/mL 
was  estimated  with  a  Sedgewick-rafter  chamber.  All  gamete  and 
larvae  counts  were  performed  in  duplicate. 

Data  Analysis 

Statistical  analyses  were  perfonned  using  SAS  software  for 
Windows*  (SAS  Institute.  Cary.  North  Carolina,  USA).  Data  from 
Experiments  I.  2.  and  3  were  not  distributed  normally.  For  these 
experiments,  a  nonparametric  Friedman's  test  was  used  to  test  the 
association  among  extenders,  percent  motility,  and  duration  of 
motility,  and  to  test  for  significant  differences.  Data  from  Experi- 
ment 4  were  distributed  normally  and  treatment  groups  were  com- 
pared using  a  one-way  factorial  analysis  (ANOVA).  Specific  dif- 
ferences among  treatment  groups  were  identified  by  the  least 
squares  differences  test.  A  value  of  p  <  0.05  was  cho.sen  as  the 
level  for  significance. 

RESULTS 

ExperimenI  I 

Sperm  motility  in  ASW  of  different  osmotic  pressures  was 
significantly  different  (p  =  0.001).  The  osmolality  of  the  gonad 
was  573  ±  45  mOsm/kg  (mean  ±  SD).  Sperm  suspended  in  ASW 
833  retained  99  ±  09f  motility  for  2  h  (Fig.  1 ).  Sperm  suspended 
in  ASW  403  and  ASW  601  had  an  initial  motility  of  less  than  30 
±  3%  followed  by  an  increase  to  90  ±  20%  after  8  min.  This 
motility  was  retained  for  2  h.  Sperm  suspended  in  ASW  203 
showed  low  motility  (-1%)  in  the  first  4  min;  the  maximum  mo- 


tility after  16  min  of  incubation  was  47  ±  5%  and  was  retained  for 
I  h.  Subsequent  dilution  of  these  samples  in  ASW  833.  did  not 
increase  motility.  No  motility  was  observed  in  sperm  suspended  in 
ASW  22  initially  or  during  the  3-h  experiment.  After  cold  storage 
for  24  h.  the  highest  motilities  were  75  ±  7%  for  sperm  suspended 
in  ASW  833  and  80  ±  lO'/r  for  sperm  suspended  in  ASW  601. 
Sperm  in  ASW  403  showed  a  decreased  motility  (to  40  ±  15%), 
and  sperm  in  ASW  203  lost  most  motility  (to  <10%). 

ExperimenI  2 

Cold  storage  of  oyster  sperm  in  different  extenders  revealed  no 
significant  differences  (p  =  0.267).  The  highest  initial  motility 
was  85  ±  4%  for  sperm  suspended  in  ASW  833.  and  the  lowest  was 
73  ±  3%  for  sperm  suspended  in  DCSB4  833  (Fig.  2).  By  Day  3, 
sperm  suspensions  in  each  of  the  three  extenders  had  motility 
values  of  <10%.  Bacteria  were  observed  during  motility  estimates 
after  1  day  of  storage.  Bacterial  concentrations  increased  with  time 
and  were  associated  with  decreased  sperm  motility.  Preliminary 
identification  of  these  bacteria  identified  the  presence  of  Vibrio 
spp.  (A.  Camus  and  R.  Siebeling.  Louisiana  State  University,  pers. 
comm.). 

Experiment  3 

Significant  differences  in  sperm  motility  were  found  among 
different  dilutions  (p  =  0.001).  For  ASW  833.  undiluted  sperm 
had  the  highest  motility  (96  ±  5%)  followed  by  sperm  diluted  at 
1:1  (86  ±  11%)  (Fig.  3).  Sperm  diluted  at  1:31  had  the  lowest 
motility  (47  ±  15%).  After  3  days,  sperm  samples  diluted  at  1:31 
showed  a  complete  loss  of  motility,  whereas  sperm  diluted  at  1:1, 
1:3.  or  at  1:7  retained  <10%.  After  4  days,  all  diluted  samples  lost 
motility.  For  HBSS  833.  undiluted  sperm  had  the  highest  initial 
motility  (95  ±  6% )  followed  by  sperm  diluted  at  1 :7  (90%)  (Fig.  4). 
Sperm  diluted  at  1 :3 1  had  the  lowest  motility  (40  ±  14%).  After  1  day 
of  storage,  sperm  diluted  at  1:31  lost  motility  completely.  Motility 
was  maintained  best  in  less  dilute  samples.  For  undiluted  samples, 
motility  never  declined  below  50%  (Figs.  3  and  4).  As  in  Experi- 


203  mOsm/kg 


22  mOsm/kg 
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Figure  \.  Mean  percent  motility  ±  SD  of  Crassostrea  virginica  sperm  suspended  in  artificial  sea  water  at  osmolalities  of  22,  203,  403,  60L  or  833 
mOsm/kg  (n  =  3  for  each  treatment). 
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Figure  2.  Mean  percent  motility  ±  SD  of  Crassostrea  virginica  sperm  stored  at  4°C  in  DCSB4  solution  (diamonds),  Hanks'  balanced  salt  solution 
(HBSS;  squares),  or  artificial  sea  water  (ASW;  triangles)  at  833  mOsm/kg  (n 


:  3  for  each  treatment). 


nient  2.  bacteria  were  observed  in  all  samples,  increased  with  time, 
and  were  associated  with  decreased  motility. 

Experiment  4 

Sperm  motility  was  affected  by  extender  (;;  =  0.0001).  The 
highest  motility  was  observed  for  sperm  suspended  in  C-F  HBSS 
830  (96  ±  5%)  and  the  lowest  motility  was  for  sperm  suspended  in 
ASW  200  (12  ±  8%)  (Fig.  5).  Agglutination  of  sperm,  causing 
adherence  and  sperm  immobilization,  was  evident  in  samples  sus- 
pended in  ASW  200  and  ASW  830.  The  extender  used  to  dilute 
sperm  had  a  significant  effect  on  fertilization  as  measured  by  larval 


development  at  12  h  (/)  =  0.0001 ).  Pair-wise  comparison  showed 
significant  differences  except  for  ASW  833  and  ASW+G  833. 
Examination  of  trochophore  larvae  at  12  h  post-fertilization  indi- 
cated highest  fertilization  (48%)  with  sperm  diluted  in  C-F  HBSS. 
and  lowest  fertilization  (<\%)  with  ASW  200  (Fig.  5). 

DISCUSSION 

Sperm  are  active  in  the  gonad  of  marine  invertebrates  such  as 
oysters  (Loosanoff  and  Davis  1963).  When  sperm  are  released  in 
the  water  they  may  accelerate,  decelerate  or  cease  moving  in  re- 
sponse to  various  stimuli  (Nelson  1973).  Factors  such  as  salinity. 


100  i 


Figure  -i.  Mean  percent  motility  ±  SD  of  Crassostrea  virginica  sperm  suspended  in  artificial  sea  water  (833  mOsm/kg)  at  6  ratios  of  sperm:ex- 
tender  in  =  3  for  each  treatment). 
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Figure  4.  Mean  percent  motility  ±  SD  of  Crassostrea  virgiiiica  sperm  suspended  in  HBSS  (833  mOsm/kg)  at  6  ratios  of  sperm:extender  (n  =  3 
for  each  treatment). 


temperature,  oxygen  content,  dissolved  organic  matter  and  pH  can 
affect  the  fertilizing  ability  and  motility  of  oyster  sperm  when 
released  in  natural  sea  water  (Humphrey  1950).  Another  factor  that 
can  affect  motility  is  osmotic  pressure.  In  this  study,  sperm  mo- 
tility increased  with  osmolarity  and  time  of  exposure.  Sperm  sus- 
pended in  relatively  high  osmolalities  (>400  mOsm/kg)  did  not 
lose  motility.  This  result  suggests  that  motility  is  maintained  when 
oyster  sperm  are  suspended  in  ASW  of  high  osmotic  pressure. 


After  24  h  of  storage,  the  sperm  retained  a  high  motility  (-85%) 
suggesting  that  cold  storage  of  sperm  at  high  osmolalities  is  pos- 
sible without  significant  loss  of  motility.  Some  of  the  factors  that 
could  affect  sperm  motility  in  dilute  ASW  are  osmotic  shock,  or 
imbalance  of  ions  necessary  to  establish  motility.  It  is  possible  that 
sperm  suspended  in  ASW  of  low  osmotic  pressure  (less  than  400 
mOsm/kg)  require  more  than  8  min  to  adjust  to  equilibrate  and 
acquire  maximum  motility.  The  addition  of  fresh  ASW  833  did  not 
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Figure  5.  Mean  percent  of  trochophore  larvae  (12  li  post-fertilization)  of  Crassuslrea  rirgiiiica  obtained  from  fertilization  by  sperm  suspended 
in  artincial  sea  water  at  830  mOsm/kg  (ASW  830),  artificial  sea  water  at  830  mOsni/kg  plus  glycine  (ASW+G),  artificial  sea  water  at  200 
mOsm/kg  (ASW  200),  HBSS  at  830  mOsm/kg  (HBSS),  or  calcium-free  HBSS  at  830  mOsm/kg  (C-F  HBSS)  (n  =  3  for  each  treatment). 
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reactivate  sperm  initially  suspended  in  ASW  22  suggesting  that 
sperm  undergoing  strong  changes  in  osmotic  pressure  are  irrevers- 
ibly damaged.  The  effect  on  motility  of  specific  ions  such  as 
potassium  or  sodium  remains  to  be  examined. 

Sperm  motility  declined  with  time  when  dilutions  were  made 
with  DCSB4.  HBSS.  and  ASW.  This  loss  of  motility  could  be 
attributable  to  exhaustion  of  metabolic  energy  reserves  with  con- 
tinuous activity  after  suspension,  or  detrimental  effects  caused  by 
bacteria.  In  refrigerated  storage  of  channel  catfi.sh  sperm,  bacterial 
growth  was  a  major  problem  (Jenkins  and  Tiersch  1997).  In  this 
study,  declining  motility  was  associated  with  increased  bacterial 
numbers.  Addition  of  antibiotics  could  remedy  this  problem  (Scott 
and  Baynes  1980). 

Dilution  is  another  possible  cause  for  reduced  sperm  motility. 
In  the  oyster  it  has  been  noted  that  the  greater  the  dilution,  the 
greater  the  sperm  activity  in  the  first  minutes  (Gray  1928a).  The 
loss  of  motility  during  storage  because  of  dilution  could  be  be- 
cause sperm  are  less  crowded  in  the  suspension  and  have  more  free 
space  in  which  to  move,  causing  a  depletion  of  energy,  or  because 
essential  factors  in  the  gonad  are  lost  when  sperm  is  diluted. 

Studies  have  shown  that  when  sea  urchin  sperm  are  suspended 
in  sea  water  or  ASW,  they  undergo  a  spontaneous  acrosome  re- 
action consisting  of  exocytocis  of  the  acrosome  granule,  which  is 
a  lysosome-like  vesicle  located  at  the  tip  of  the  sperm  head 
(Gonzalez-Martinez  et  al.  1992).  Spontaneous  acrosome  reaction 
could  in  part  be  responsible  for  loss  of  fertilizing  ability.  In  cal- 
cium-free artificial  sea  water,  sea  urchin  sperm  showed  no  mor- 
phological changes  and  swam  vigorously  (Dan  1955).  In  the  pres- 
ence of  calcium,  the  sperm  underwent  the  acrosome  reaction  and 
became  agglutinated. 

Oyster  sperm,  like  that  of  sea  urchin,  possess  an  acrosome 
(Galtsoff  and  Philpott  I960,  Bozzo  et  al.  1993)  that  plays  an  im- 
portant role  in  fertilizing  capacity.  Kurokura  et  al.  (1990)  reported 


that  cryopreserved  oyster  sperm  lost  fertilizing  capacity  because  of 
formation  of  sperm  aggregations,  a  lack  of  capacity  to  trigger 
cleavage,  and  damage  to  the  acrosome  preventing  entry  of  sperm 
into  eggs.  In  this  study,  sperm  diluted  in  C-F  HBSS  reached  a  high 
motility  (99%)  and  did  not  agglutinate,  suggesting  that  the 
acrosome  reaction  was  minimized.  Also  trochophore  numbers 
were  highest  with  sperm  suspended  in  C-F  HBSS.  Glycine  has 
been  shown  to  enhance  motility  of  oyster  sperm  under  certain 
conditions  (Jeffrey  1954a);  however,  no  benefit  of  glycine  was 
found  for  sperm  motility  or  larval  survival  in  this  study.  Sperm  had 
diminished  motility  when  placed  in  ASW  200,  and  there  was  no 
fertilization,  suggesting  that  the  sperm  lost  fertilizing  ability  due  to 
damage  caused  by  osmotic  shock  or  a  change  in  ionic  composition. 
We  found  that  several  conditions  can  influence  the  motility  and 
fertilizing  ability  of  oyster  sperm  and  these  results  can  be  of  prac- 
tical use  for  refrigerated  storage  and  cryopreservalion.  Osmotic 
pressure  should  be  maintained  at  a  high  level  (>400  mOsm/kg)  to 
ensure  good  motility,  and  the  use  of  antibiotics  should  be  inves- 
tigated. When  sperm  is  to  be  used  within  24  h,  a  low  dilution  (1:1 
or  1:3)  is  recommended;  however,  for  more  than  1  day  of  refrig- 
erated storage,  samples  should  be  maintained  undiluted.  In  addi- 
tion, suspension  of  sperm  in  C-F  HBSS  seems  to  have  a  positive 
effect  on  sperm  motility  and  fertilizing  ability,  and  could  enhance 
larval  production. 
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ABSTRACT  Standing  stock  and  demographic  data  for  oysters,  Cras.sostrea  virginica.  in  the  James  River.  Virginia  are  used  to 
generate  spatial  estimates  of  egg  production  on  a  reef-specific  basis.  Subsequent  estimates  are  made  of  losses  related  to  density- 
dependent  fertilization,  natural  mortality  in  the  plankton,  advective  loss  related  to  estuarine  circulation,  availability  of  substrate  (both 
absolute  amounts  and  after  occlusion  by  fouling  organisms),  limited  competency  of  pediveligers  to  metamorphose,  and  post  settlement 
mortality  to  an  age  of  4  wk  post  metamorphosis.  Reef-specific  egg  production  is  highly  variable  on  a  per  unit  basis  within  the  James. 
In  all  reef  systeins  fertilization  losses  approach  two  orders  of  magnitude,  in  some  instances  higher  than  estimated  losses  to  advection 
over  a  21 -day  development  period.  The  combination  of  limited  substrate  availability  compounded  by  substrate  fouling  suggests  that 
increasing  substrate  availability  at  the  time  of  settlement  would  strongly  facilitate  an  increase  in  population  size.  Final  estimates  from 
sequential  calculations  of  surviving  juvenile  densities  agree  within  one  order  of  magnitude  with  field  observations. 

KEY  WORDS:     oysters,  Crassosirea  virginica.  stock  assessment,  larval  dispersal,  circulation,  recruitment,  modeling.  James  River 


INTRODUCTION 

The  James  River.  Virginia  has  served  as  the  focal  point  for  the 
Virginia  oyster  (Crassostrea  virginica)  industry  for  over  a  century, 
being  the  source  of  the  majority  of  seed  oysters  that  were  trans- 
planted for  growout  to  locations  within  the  Virginia  portion  of  the 
Chesapeake  Bay  and  much  further  afield  in  the  Middle  Atlantic 
states.  It  has  been  the  site  of  continuing  investigations  of  oyster 
distribution  in  relation  to  bottom  type  (Baylor  1894.  Moore  191 1. 
Loosanoff  1931.  Marshall  1954,  Haven  et  al.  1981a,  Andrews 
1982.  Haven  and  Whitcomb  1983.  Mann  and  Wesson  1997). 
spawning  activity  (Cox  and  Mann  1992.  Mann  et  al.  1994),  larval 
biology  and  settlement  (Loosanoff  1931.  Andrews  1951.  Andrews 
1954.  Wood  and  Hargis  1971,  Andrews  1979.  Andrews  1983. 
Haven  and  Fritz  1985.  Mann  1988),  larval  dispersal  in  relation  to 
circulation  (Pritchard  1953.  Ruzecki  and  Moncure  1968.  Ruzecki 
and  Hargis  1988.  Mann  1988).  disease  impact  (Andrews  1954. 
Andrews  1962,  Andrews  1968.  Burreson  and  Ragone  Calvo  1996), 
a  .series  of  unpublished  qualitative  annual  surveys  of  oyster  re- 
sources by  location  (Virginia  Institute  of  Marine  Science  Library 
Archive),  and  a  development  focus  for  three-dimensional  model- 
ing of  estuarine  circulation  (Hamrick  1992a.  Hamrick  1992b). 
Given  the  ecological  importance  (see  Mann  et  al.  1991)  and  com- 
mercial value  (see  Haven  et  al.  1981b)  of  oysters  originating  from 
the  James  River,  it  is  surprising  that  comparatively  little  effort  has 
been  devoted  to  quantitative  examination  of  the  relationships  be- 
tween environmental  fluctuations  (temperature  and  salinity),  dom- 
inant aspects  of  oyster  biology  (gains  associated  with  growth, 
spawning  and  recruitment  versus  losses  to  predation  and  disease), 
and  the  comparative  impact  of  fishing  mortality  in  this  location. 

Extensive  description  of  the  Virginia  oyster  resource  and  his- 
tory of  its  utilization  has  been  given  by  Haven  et  al.  (1981),  and 
more  recently  reviewed  by  Hargis  and  Haven  ( 1988).  These  con- 
tributions, among  many  others,  describe  a  state  of  continuing  de- 
cline. Continuing  losses  of  productive  oyster  reef  over  the  past 
three  decades  to  Haplosporidium  nelsoni.  commonly  known  as 
MSX.  and  Perl^insus  mariniis  in  the  higher  salinity  regions  of  the 


James  River  have,  ironically,  provided  both  an  impetus  to  under- 
stand the  dynamics  of  the  James  River  system  to  preserve  the 
remaining  oyster  stock,  but  have  also  provided  a  unique  field  op- 
portunity to  examine  population  structure  and  recruitment  of  a 
dominant  benthic  invertebrate  in  a  situation  where  the  required 
component  data  sets  are  enviably  abundant,  where  both  circulation 
and  the  relationship  of  larval  abundance  to  circulation  is  compara- 
tively well  studied,  and  where  recruittiient  resulting  from  immi- 
gration, a  confounding  factor  in  most  other  field  situations,  is 
negligible  because  of  the  decadal  time  scale  elimination  of  neigh- 
boring oyster  populations  by  disease.  This  report  describes  a  quan- 
titative synthesis  of  a  nutnber  of  oyster  related  studies  effected  on 
or  for  the  James  River  in  the  past  decade,  and  examines  the  product 
of  estitnates  of  recruitment  based  on  this  synthesis  with  field  ob- 
servations made  during  the  1993  to  1994  period. 

MATERIALS  AND  METHODS 

Estimation  of  Oyster  Standing  Stock  and  Demographics 

Data  used  for  the  current  study  originated  in  fishery  indepen- 
dent stock  assessments  of  the  James  River  oyster  resource  effected 
in  the  Fall  months  of  1993  and  1994  as  a  cooperative  effort  with 
the  Virginia  Marine  Resources  Commission  (hereafter  VMRC). 
For  the  majority  of  effort  the  1993  data  set  was  used.  The  1994 
data  set  provided  data  on  small  size  classes  (young  oysters  origi- 
nating from  spawning  events  in  1993)  that  are  used  here  to  provide 
comparative  field  data  for  estimates  of  recruitment  generated  as  a 
synthesis  exercise  from  1993  assessments  and  other  data  as  de- 
scribed later  in  the  text. 

The  oyster  reefs  in  the  James  have  been  described  in  terms  of 
spatial  features  and  substrate  several  times  over  the  past  100  y, 
beginning  with  the  work  of  Baylor  ( 1894),  for  whom  the  current 
public  oyster  grounds  of  Virginia  are  popularly  named.  The  most 
recent  comprehensive  survey  of  "Baylor"  is  reported  by  Haven 
and  Whitcomb  (1983).  Spatial  variability  in  distribution  of  oysters 
within  the  oyster  reef  systems,  and  distribution  of  reefs  at  various 


239 


depths  in  the  subtidal  regions  dictated  using  a  quantitative  sam- 
pling program  using  a  stratified  random  grid  with  the  documented 
oyster  reefs  or  rocks  in  the  James  River  forming  the  strata.  Limits 
of  the  unknown  oyster  reef  were  mapped  by  the  Surveying  Engi- 
neering Department  at  VMRC  and  the  grids  for  sampling  set  with 
Loran  coordinates  (Loran  was  checked  daily  when  in  the  field 
from  known  markers  at  both  the  beginning  and  end  of  the  day). 
The  James  River  public  oyster  grounds  are  illustrated  in  Figure  1 A 
as  a  simplification  of  the  map  of  Haven  and  Whitcomb  (1983). 
with  presentation  limited  to  the  shoreline,  extant  oyster  rock,  and 
the  boundary  of  various  bottom  types  that  can  (mixed  shell  and 
mud,  mixed  shell  and  sand,  and  hard  sand),  and  cannot  (soft  mud) 
support  oyster  populations.  Figure  lA  illustrates  that  reef  systems 
as  identified  in  the  Baylor  surveys  are  not  uniform  in  substrate,  and 
therefore  are  not  expected  to  be  uniform  in  oyster  distribution 
within  a  single  reef. 

Since  the  survey  of  Haven  and  Whitcomb  (1983)  the  spatial 
distribution  of  oyster  populations  in  the  James  River  has  declined 
under  both  sustained  disease  pressure  (Burreson  and  Ragone  Calvo 
1996)  and  commercial  harvest.  This  decline  is  illustrated  in  the 
location  of  the  19  individual  reef  systems  that  were  examined  in 
the  Fall  of  1993  and  1994  (Fig.  IB)  as  part  of  a  comprehensive 
stock  assessment  survey  (Mann  and  Wesson.  1997),  with  notable 
reduction  in  more  downstream  populations.  The  legend  of  Figure 
IB  identifies  the  sampled  reefs  by  number.  These  numbers  are 
cross  referenced  with  reef  names  in  this  report  where  convenience 
dictates.  Sampling  areas  1-1 1  in  Figure  IB  represent  the  limits  of 
hard  oyster  rock  strata  selected,  mapped,  and  sampled  within  the 
larger  public  oyster  grounds  in  those  regions.  The  limits  of  hard 
oyster  rock  strata  within  sampling  areas  12-19  were  not  mapped 
separately,  but  were  known  to  include  both  oyster  rock  strata  as 
well  as  bare  sandy  or  muddy  strata.  Sampling  sites  were  picked  by 
random  numbers  within  the  grids  and  oysters  were  sampled  with  a 
hydraulically  operated  patent  tong  with  an  opening  of  1  square 
meter.  In  this  manner  a  total  of  82.'i  stations  were  occupied  in  1993, 
and  692  stations  were  occupied  in  1994. 

Choice  of  sampling  gear  was  critical  in  the  current  application. 
Both  tongs  and  dredges  are  commonly  used  to  examine  oyster 
populations;  however,  only  the  former  are  good  quantitative  tools 
(Chai  et  al.  1992).  In  1993  we  examined  a  standard  patent  tong  of 
known  area;  however,  tests  proved  this  to  be  an  unpredictable 
sampling  tool  in  that  penetration  into  the  hard  bottom  on  the  reef 
surface  was  inconsistent,  resulting  in  high  variability  in  replicate 
samples  on  the  same  site.  An  hydraulically  operated  tong,  which 
separates  the  closing  actions  of  the  tong  from  the  retrieval  action, 
proved  to  be  vastly  superior  in  providing  consistent  penetration  ot 
the  bottom  and  replication  sampling. 

Bros  and  Cowell  ( 19S7)  address  estimation  of  adequate  sample 
size  within  a  strata  in  situations  where  minimum  detectable  dit- 
ference  cannot  be  specified  a  priori.  Figure  2  illustrates  the  vari- 
ability in  density  within  a  single  reef  system  so  this  is  of  concern. 
Their  method  incorporates  use  of  resolving  power  as  a  primary 
factor  and  sampling  feasibility  as  a  secondary  factor,  and  suggests 
that  the  standard  error  of  the  mean  (SEM)  be  used  as  a  measure  of 
appropriate  sampling  effort.  For  the  current  data,  a  plot  was  gen- 
erated of  mean  number  of  oysters  per  patent  tong  (1  square  meter) 
sample  and  SEM  versus  number  of  samples  included  in  the  cal- 
culation. This  calculation  was  repeated  10  limes  for  data  within  a 
strata  with  samples  being  chosen  at  random  from  those  available. 
Random  sampling  eliminated  any  bias  that  resulted  from  sequen- 
tial data  entry  in  accordance  with  sampling  in  the  field  sampling 


Figure  I.  .\.  Shoreline  and  holtom  type  in  the  upper  James  River. 
Virsiiiia,  modified  from  Haven  and  Whitcomb  (l^S.^).  .Vreas  in  black 
represent  oyster  reef,  grey  represents  mixed  shell-mud  and  shell-sand, 
white  represent  primarily  soft  mud.  .\\es  are  Umgitude  and  latitude  in 
decimal  degrees.  Cell  size  =  ().l  x  0.1  degrees.  B.  Oyster  reel  systems  in 
the  James  River,  Virginia  as  surveyed  for  stock  assessment  during  the 
199.1  and  1994,  and  used  in  subsequent  larval  dispersal  modeling  ex- 
ercises. Note  the  reduced  spatial  distribution  compared  with  198,1.  The 
numerical  key  idenlilying  reefs  and  shoals  corresponds  to  that  used 
throughout  (he  current  text.  1:  fipper  Deep  Water  Shoal.  2:  Lower 
Deep  Water  Shoal,  i:  I'pper  Horsehead,  4:  Middle  Horsehead,  5: 
l,ower  Horsehead,  6:  Moon  Rock,  7:  V  Rock,  8:  Point  of  .Shoals,  9: 
Cross  Rock,  10:  Shanty  Rock,  II:  Dry  Lump.  12:  Mulberry  Toint,  13: 
Swash,  14:  Ipper  .jail  Island,  15:  Swash  Mud,  1ft:  Offshore  Swash.  17: 
Lower  Jail  Island,  18:  Offshore  Jail  Island,  19:  Wreck  Shoal. 


Oyster  Larval  Production  and  Rfxruitment 


241 


LATITUDES?-    °^'^' 

08  -  *^ 


LONGITUDE  78- 


Figurc  2.  An  illustration  of  spatial  variability  in  oyster  density  on  a 
single  reef:  a  surface  plot  of  oyster  density  on  Deep  W  ater  Shoal  from 
1993  survey  data.  Such  variability  was  accomodated  in  the  sampling 
regime  and  adequacy  insured  using  the  procedures  described  in  Bros 
and  Cowell  (1987). 


(the  latter  may  have  resulted,  inadvertently,  in  temporally  focused 
samphng  on  a  particular  substrate  type).  In  a  regi)ne  where  vari- 
ability with  bottom  type  was  high  and  the  sample  size  was  low  the 
mean  would  not  stabilize,  and  where  sampling  was  insufficient  the 
SEM  would  not  demonstrate  a  stable  trend  of  decreasing  value — 
remembering  of  course  that  the  SE  value  will  eventually  continue 
to  decrease  with  increasing  number  of  samples  included  in  the 
calculation  because  the  SE  is  inversely  proportional  to  the  square 
root  of  the  number  of  observations  of  the  mean.  The  same  criteria 
were  applied  in  sampling  in  Fall  of  1993  and  1994,  and  in  both 
instances  resultant  plots  illustrated  the  adequacy  of  the  sampling 
used. 

Upon  retrieval,  the  sample  was  washed  and  processed  for 
counts  of  live  oysters  per  square  meter,  and  description  of  size 
class  distribution  in  each  sample  by  5  mm  size  class  intervals.  In 
addition,  data  were  collected  on  dead  oysters  with  paired  valves 
(commonly  termed  boxes,  indicating  recent  mortality),  and  the 
volume  of  shell  retrieved  in  each  tong  as  an  index  of  the  quantity 
of  cultch  material  (settlement  substrate)  present  at  each  station. 

Salinity  and  Water  Temperature  in  the  James  River 

Records  of  salinity  and  temperature  in  the  section  of  the  James 
River  under  study  come  from  sporadic  station  values  associated 
with  oyster  fishery  and  oyster  disease  monitoring  data,  and  from 
surveys  effected  by  the  Virginia  State  Water  Control  Board 
(SWCB).  The  former  data  sets  are  concentrated  in  the  summer  and 
fall  months,  with  limited  data  for  spring  and  fall  and  are  generally 
limited  to  bottom  salinity  and  temperature  from  Niskin  bottle  col- 
lections. The  SWCB  data  sets  are  collected  with  greater  regularity 
in  the  winter  and  spring  months,  but  with  greater  spatial  separa- 
tion. In  the  James,  two  SWCB  stations  are  of  interest,  one  is  situ- 
ated upstream  of  Deep  Water  Shoal  (Reef  Number  I  in  Figure  I B ). 
effectively  just  above  the  upstream  distribution  limit  of  oysters. 
whereas  the  second  is  situated  on  the  southwest  comer  of  Wreck 
Shoal  (Reef  Number  19  in  Figure  IB)  adjacent  to  the  main  channel 
of  the  James  River.  SWCB  data  were  examined  for  Period  4. 
February  1985  through  16  May  1991  for  depths  of  I.  .^,  and  5  m 


at  both  stations.  From  these  data,  plots  were  generated  of  salinity 
versus  river  flow  at  Richmond,  taken  from  US  Geological  Survey 
(USGS)  lecords  in  units  of  cubic  feet  min  '.  for  the  dates  of 
collection.  Flow  was  used  to  develop  a  salinity  predictor  using  the 
model: 

s  =  s^.  +  h  log(/),  where /<  /^ 
s  =  .V,,  where />/^. 

where  v  is  the  salinity  in  ppt,/is  the  flow  in  cubic  feet  min"',  and 
t\  is  the  critical  flow  rate  above  which  salinity  remains  constant. 
The  general  appearance  of  the  function,  illustrated  in  Figure  3,  is 
like  a  "hockey  stick"  with  a  linear  decrease  in  ,s  on  a  plot  of  .? 
versus  log  (/)  to  a  value  of  ,v,  corresponding  to  log  (J^).  At  values 
of/ above  (/.)  values  of  .v  remain  constant  at  .s;..  Fitted  parameters 
were  generated  for  each  of  the  two  SWCB  stations.  Good  concor- 
dance was  observed  between  depths  at  one  station,  therefore  fits 
for  3  m  data  (nearest  approximation  to  depths  of  the  extant  reefs) 
were  used  to  generate  predictive  descriptors  of  mean  monthly  sa- 
linity at  both  stations  based  on  mean  monthly  river  flow  data  at 
Richmond.  The  downstream  SWCB  data,  station  A  in  Figure  3. 
was  considered  as  Wreck  Shoal  (WS)  data,  with  s^.  h.  and  \og(f^) 
values  of  4.4  ±  0.9,  -I  1.7  ±  0.9.  and  4.2  ±0.1,  respectively  (n  = 
1 1 1,  all  values  mean  ±  SE).  The  upstream  SWCB  station,  station 
B  in  Figure  3.  gave  .s^..  /).  and  log(4)  values  of  0.8  ±  0.3.  -1 1.4  ± 
0.8.  and  3.84  ±  0.04  (n  =  104).  respectively.  By  linear  interpola- 
tion mean  monthly  salinities  could  be  estimated  for  intermediate 
sites  at  Horsehead  (HH)  and  Deep  Water  Shoal  (DWS).  Each  of 
the  1 9  reef  systems  in  Figure  1 B  is  indexed  by  number  to  one  of 
these  three  salinity  regimes  (DWS,  HH.  or  WS)  as  follows:  Reefs 
Nos.  I  and  2  (DWS).  reefs  Nos.  .3-9  and  12-16  (HH):  and  10.  11, 
17.  18.  and  19  (WS). 

Water  temperature  data  in  the  James  River  are  also  available 
from  seasonal  monitoring  and  SWCB  surveys  with  the  same  limi- 
tations as  salinity  data  with  respect  to  temporal  coverage.  These 
data  were  compared  with  York  River  water  temperature,  recorded 
continuously  at  the  Virginia  Institute  of  Marine  Science  (VIMS) 
Pier  for  the  period  January  1985  to  May  1991  and  excellent  con- 
cordance was  observed.  To  generate  a  longer  time  frame  for  the 
current  study  York  River  data  for  1985  to  1994  were  used  to 
develop  a  description  of  mean  monthly  water  temperature  that 
could  be  applied  to  all  stations  uniformly. 

Estimation  of  Egg  Production.  Spawning  and  Fertilization 

E.stimation  of  oyster  recruitment  begins  with  estimating  Julian 
day  of  spawning,  followed  by  estimation  of  egg  production  from 
the  density  and  size  distribution  of  oysters.  Estimates  of  egg  pro- 
duction are  subsequently  used  to  generate  estimates  of  recruitment 
to  the  benthos  and.  eventually,  the  juvenile  through  adult  popula- 
tion. Timing  of  spawning  is  temperature  dependent  and  simply 
expressed  as  a  function  of  day-degrees.  D'  where: 


D'  =  (/  (f  -  /„) 


where: 


(/  =  number  of  days  to  attain  a  ripe  state 

/   =   temperature  to  which  oysters  are  exposed  (ambient  field 

temperatures) 

/,,     =     temperature    below     which    no    evidence    of    gonad 

development  is  found. 

A  value  of  12.0°C  is  adopted  for  /„  from  Price  and  Maurer  ( 1971 ) 
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who  also  provide  an  estimate  of  450  for  D'  using  Delaware  Bay 
oysters.  Independent  estimation  of  D'  for  this  study  was  based  on 
data  from  Mann  et  al.  ( 1994)  for  oysters  spawning  at  Horsehead  in 
the  James  River  in  1988.  Spawning  dates  are  estimated  for  June 
22.  July  27,  and  August  17.  1988  with  the  above  value  for  /„  of 
12°C.  Using  York  River  water  temperatures  as  surrogates  this 
gives  D'  values  of  420.  449.  and  443.  respectively,  with  a  mean 
value  forD'  of  434.  Frequency  of  spawning  was  investigated  using 
a  mean  annual  water  temperature  cycle  from  daily  York  River  data 
for  the  years  1985  to  1994  by  the  following  analysis.  A  day-degree 
counter  is  initiated  when  t  reaches  12.0°C  and  accumulated  until  a 
spawning  event  is  triggered  based  on  values  of;/,  t.  and  D'.  The 
day-degree  counter  is  then  reset  to  0  and  a  further  cumulative 
count  begun.  A  second  spawning  is  subsequently  triggered,  and  so 
on.  Sequential  day-degree  calculations  cease  when  ambient  tem- 
perature decreases  to  12°C  in  the  Fall. 

Egg  production  or  fecundity  (F)  is  the  sum  of  individual  (F,^^) 
fecundity  in  each  size  class  interval,  here  5  mm  length  intervals. 
Length  is  considered  as  the  maximum  dimension  measured  from 
the  hinge  (strictly  this  is  height  but  length  is  used  to  conform  to 
common  use).  Within  each  interval  L  =  mid  point  of  length  (for 
convenience,  we  used  3,  8,  13.  18  mm  and  so  on  for  0-5.  5-10. 
10-15,  and  15-20  mm  size  intervals).  Weight  to  length  (in  mm) 
conversions  were  effected  using  data  from  James  River  field  col- 
lections (raw  data  from  Rainer  and  Mann  1992.  and  unpublished 
data.  Mann,  collected  in  1994): 
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Figure  3.  Predicted  relationship  of  saliiiit>  versus  river  How  at  Rich- 
mond (IIS(;S  data  in  cubic  ft.  niin  '.  lor  the  period  4  February  19S5  to 
16  May  1991,  SWCB  salinity  data)  lor  ,1  m  depth.  The  model  Is  s  =  s, 
+  b  losll),  where  f  <  f,  and  s  =  s,  where  f  '  1",,  where  s  Is  the  salinity 
in  ppl,  f  is  the  How  in  cuhic  ft.  min  ',  and  f,  is  the  critical  flow  rate 
ahove  which  salinity  remains  constant.  Fits  illustrate  mean  ±  95% 
confidence  Interval.  Filled  circles  illustrate  points  yreater  than  2.5 
standard  deviations  from  the  mean,  which  are  excluded  from  the  mean 
fit  calculation.  A.  Downstream  SWt'B  data,  considered  as  Wreck 
.Shoal  (WS),  with  s^,  b,  and  lot.(f,)  values  of  4.4  ±  (1.9,  -11.7  ±  0.9.  and 
4.2  ±  0.1  respectively  (n  =  111,4  points  excluded,  all  values  mean  ± 
.s.e.).  B.  Upstream  SWCB  station,  with  s,.  h.  and  loH(f, )  values  of  (I.S  ± 
0..^,  -1 1.4  +  0.8,  and  .^.84  ±  0.04  (n  =  104,  10  points  excluded).  .See  text 
for  fur  liter  details. 


W  =  0.000423  X  L"^^' 
Size-specific  fecundity  is  estimated  using  the  relationship; 

F„,j  =  39.06  X  W""-  (r-  =  0.887.  24  d.f.) 

where  F  is  in  millions,  and  W  is  dry  tissue  weight  in  mg.  This 
relationship  is  taken  from  Thompson  et  al.  ( 1996)  and  based  on  a 
re-analysis  of  earlier  raw  data  from  Cox  and  Mann  (1992).  which 
eliminated  all  individuals  in  partially  spawned  or  completely 
spawned  condition.  Note  that  fecundity  increases  very  quickly 
with  increasing  size.  Thus,  even  small  changes  in  the  demograph- 
ics of  the  population  in  the  upper  size  classes  has  disproportionate 
effects  on  egg  production.  Using  the  size-specific  function  relating 
fecundity  to  size  class,  egg  production  m"'  can  be  estimated  (F„„) 
as  the  sum  of  the  individual  fecundities.  Within  a  single  5  mm  size 
class  the  sum  of  the  individual  fecundities  is  (/i,  x  F,„j).  where  /i, 
is  the  number  in  the  size  class  with  midpoint  I  in  mm.  The  given 
formulation  does  not  address  the  proportion  of  the  population  thai 
is  female  or  the  size  distribution  of  female  oyster  relative  to  males. 
For  size-specificity  this  requires  a  modifier  for  each  size  class.  For 
example,  the  size  class  with  mid  point  at  28  mm  and  with  35% 
female  would  modify  the  value  (»,  x  F,„j)  to  (0.35  x  n^_^  x  0.40). 
Cox  and  Mann  (1992)  suggest  parity  in  sex  ratio,  and  given  the 
lack  of  other  relevant  data  a  single  sex  ratio  modifier  is  adopted. 
F^.  and  the  value  arbitrarily  set  at  0.5  (50%  female  in  all  size 
classes). 

F,„j  and  hence  F„„  can  be  modified  based  on  salinity  effects.  A 
modifier.  F^.  can  be  used  to  decrease  Fby  a  proportion,  effected  by 
multiplying  by  a  value  from  1 .0  (no  effect)  to  0.0  (total  elTect).  The 
described  si/c-specific  fecundity  relationship  was  developed  for 
material  collcclcd  in  1988  al  a  mean  salinity  of  13.5.  For  current 
application  an  estimate  of  the  magnitude  of  F^  can  be  made  from 
the  data  of  Mann  et  al.  ( 1994.  Tables  I  and  2).  The  lowest  salinity 
al  which  viable  eggs  were  found  was  8.5  ppt.  At  values  of  salinity 
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TABLE  1. 

Oyster  size  class  distribution  by  5mm  interval  and  reef  number  based  on  P'all  1993  survey  data. 

All  values  arc  individual  oysters  per  sq.  m. 

Reef  numbers  correspond  to  reef  names  and  locations  on  Kijiure  IB. 


Mid  point  of  ■ 

ii/,e  class  (mm  for  5  mm 

interval  1 

Reef 

12.5 

17.5 

22. ^ 

27.5 

32.5 

.^7.5 

42.5 

47.5 

52.5 

57.5 

62.5 

67.5 

72.5 

77.5 

82.5 

87.5 

92.5 

97.5 

102.5 

1U7.5 

112.5 

117.5 

122.5 

127.5 
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1 

00 
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10.9 

9.0 

8.4 

6.3 

4.0 

l.x 

1,2 

0.3 

(1  1 

0.1 

0.(1 

0.0 

0.0 

0.0 

oo 

68.9 

-> 

0.0 

0.0 

0.0 

0.0 

0.2 

0.2 

0.6 

1.2 

1.7 

2.4 

2.9 

3.2 

1.9 

1.8 

1.1 

OX 

0.3 

0.1 

0.0 

0.1 

0.0 

0.0 

0.(1 

0.0 

18.4 

3 

0.0 

(1.0 

0.0 

0.0 

3.1 

0.0 

6.1 

27.6 

27.6 

52.2 

55.3 

70.6 

36.8 

30.7 

21,5 

9.2 

3.1 

3.1 

0.0 

3  1 

0.(1 

0.0 

0.0 
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4 
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2,4 
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0.4 

0.2 
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0.0 

0.0 
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0.0 

221.6 

5 

1.3 
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2.6 

10.7 
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25.4 

37.8 

41.0 

40.9 

39.5 

29.6 

15.7 

7.5 

1,9 

1.3 

0.4 

0.8 

0.0 

0.0 

0.0 

0.0 

0(1 

0.0 

272.2 

6 

0.0 

0.0 

4.2 

6.4 

0.0 

10-6 

10.6 

31.9 

53.1 

38.2 

36.1 

21.2 

21.2 

14.9 

8,5 

4.2 

2.1 

6.4 

2.1 

0.0 

0.0 

0.0 

0.0 

0.0 

271.8 

7 

0.2 

0.0 

0.2 

1.2 

2.8 

6.7 

10.7 

19.7 

24.8 

30.5 

28.5 

22.3 

11.6 

6.1 

4,(1 

2.8 

1.3 
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0.0 

0.2 

0(1 

00 

0.0 
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8 

0.0 

0.0 
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4.2 

9.1 

12.7 
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15.2 

19.2 

13.7 

14.6 

5.8 

4.9 

1,7 

1.0 

0.3 

0.3 

0.3 

0.2 

0.2 

0.0 

0.0 

0.1 
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0.0 

0.0 

0.0 

0.0 

15.8 

12 

0.0 

0.0 

0.1 

0.1 

0.8 

2.6 

2.7 

3.2 

2.9 

3.2 

2.9 

2.6 

1.5 

0.8 

0,2 

0.2 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

23.9 

13 

0.0 

0.0 

0.0 

0.0 

0.1 

0.5 

0.3 

0.8 

0.6 

0.9 

0.5 

0.5 

0.4 

0.2 

0,1 

0.1 

0.1 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.(1 

4.8 

14 

0.0 

0.0 

0.0 

0.0 

0.2 

0.4 

0.6 

1.3 

1.2 

1.3 

1.5 

1.2 

1.1 

0.6 

0,6 

0.3 

0.3 

0.1 

0.0 

0.1 

0.1 

0.0 

0.0 

0.0 

11.0 

15 

0.0 

0.0 

0.1 

0.2 

0.9 

1.8 

3.1 

3.9 

4.0 

4.0 

2.7 

2.0 

1.5 

0.9 

04 

0.3 

0.2 

0.1 

0.1 

0.1 

0.1 

0.0 

0.0 

0.0 

26.4 

16 

0.0 

0.1 

0.7 

2.1 

4.0 

4.7 

5.0 

4.7 

3.3 

2.4 

1.3 

1.0 

0.4 

0.2 

0,1 

0.2 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

30.2 

17 

0.0 

0.0 

0.0 

0.1 

0.4 

0.6 

1.0 

I.I 

1.2 

1.5 

19 

1.9 

1.3 

1.2 

0,5 

0.6 

0.3 

0.2 

0.0 

0.0 

0.1 

00 

0  1 

0.0 

14.2 

18 

0.(1 

0.0 

0.0 

0.1 

0.4 

0.7 

1.3 

1.5 

1.3 

1.3 

II 

0.9 

0.6 

04 

0,2 

0.2 

0  1 

0.1 

0.0 

0.0 

0.0 

0.0 

0.0 

oo 

10.2 

I'J 

(1(1 

0.(1 

0.1 

0.1 

0.3 

0.9 

0.9 

1.5 

1.3 

14 

0.9 

0,5 

0.3 

(1.3 

0,1 

0  1 

(1  1 

II II 

0  0 

0.0 

00 

00 

oil 

0(1 
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<  8.0  assume  F^  =  0.0  (total  compromise  of  eggs — no  viability). 
There  is  no  clear  salinity-fecundity  relationship  in  this  limited  data 
set.  Nor  is  there  a  good  data  set  from  the  literature  for  this  salinity 
range.  For  the  current  application,  a  tentative  linear  relationship  is 
proposed  from  8  to  13.5  ppt  with  the  following  estimators  for  F^; 

If  Salinity  (S)  >  13.5.  F,  =   1.0 

If  Salinity  (S)  <  13.5.  then  F.,  =   [(S  -  80.01/(13.5  -  8.0)]  x  1.0 

=  (5  -  8.0)/5.5 


Fecundity  can  be  modified  by  disease.  This  can  be  incorporated 
with  a  further  modifier.  Fj.  This  decreases  fecundity  as  a  modifier 
in  the  same  manner  as  F^.  ranging  from  1.0  to  0.0.  Disease  is 
described  by  a  weighted  prevalence  value.  Given  that  the  size- 
specific  fecundity  estimator  was  developed  with  oysters  that  prob- 
ably had  low  prevalence  of  disease,  but  at  low  intensity  (therefore, 
low-weighted  prevalence,  see  Cox  and  Mann  1992)  the  estimator 
already  incorporates  the  disease  effects  for  this  site,  that  is  F^„^  is 
effectively  (F,„j  x  Fj).  This  value  was  therefore  fixed  at   1.0. 


TABLE  2. 

James  River  Stock  Assessment:  Fall  1993.  Estimates  of  small  (<62.5  mm)  and  market  062.5  mm)  oyster  standing  stock  for  defined  reefs. 

Values  given  as  mean  number  of  bushels  with  95%  CI  for  whole  reef 


Reef 

# 

Area 
acres 

Small  oysters 

Market  oysters 

Total 

Reef  name 

mean 

mean  +  CI  mean  -  CI 

mean 

mean  +  CI 

mean  -  CI 

mean 

mean  +  CI 

mean  -  CI 

Upper  Deep  Water 

1 

Shoal 

234 

46472 

61252 

31692 

37579 

49240 

25918 

84051 

110492 

57610 

Lower  Deep  Water 

2 

Shoal 

20 

798 

1089 

508 

1371 

1773 

969 

2169 

2862 

1477 

3 

Upper  Horsehead 

3 

3588 

6747 

429 

1 348 

2594 

101 

4936 

9341 

530 

4 

Middle  Horsehead 

19 

16877 

22083 

11671 

1158 

1795 

521 

18035 

23878 

12192 

5 

Lower  Horsehead 

19 

19963 

24487 

1 5439 

2954 

4729 

1179 

22917 

29216 

16618 

6 

Moon  Rock 

4 

3948 

6152 

1744 

791 

1360 

223 

4739 

7512 

1967 

7 

V-Rock 

72 

45950 

52120 

39780 

11842 

13906 

9777 

57792 

66026 

49557 

8 

Point  of  Shoals 

132 

55906 

68893 

42919 

25463 

31617 

19309 

81369 

100510 

62228 

9 

Cross  Rock 

37 

11151 

15252 

7050 

2329 

2972 

1685 

1 3480 

18224 

8735 

10 

Shanty  Rock 

4 

471 

909 

32 

65 

160 

0 

536 

1069 

32 

11 

Dry  Lump 

6 

360 

578 

142 

40 

90 

0 

400 

668 

142 

i: 

Mulberrv  Point 

87 

6436 

9899 

2973 

3937 

5633 

2240 

10373 

15532 

52 1 3 

13 

Swash 

16.'5 

23.56 

4052 

657 

1687 

2989 

385 

4043 

7041 

1042 

14 

Upper  Jail  Island 

612 

1 3560 

19624 

7497 

27578 

43337 

11818 

41138 

62961 

19315 

15 

Swash  Mud 

1245 

104703 

125738 

83669 

56092 

66346 

45838 

160795 

192084 

129507 

16 

Offshore  Swash 

627 

62 1 75 

89705 

34644 

28911 

60710 

0 

91086 

150415 

34644 

17 

Lower  Jail  Island 

629 

2357 1 

37856 

9286 

249.36 

33768 

16104 

48507 

71624 

25390 

18 

Offshore  Jail  Island 

1017 

31884 

42626 

21141 

20117 

26343 

13890 

52001 

68969 

3503 1 

19 

Wreck  Shoal 

585 

15188 

23107 

7269 

10671 

15716 

5625 

25859 

38823 

12894 

Reefs  1-19  inclusive 

5517 

465357 

612169 

318542 

258869 

365078 

155582 

724226 

977247 

474124 
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Mann  and  Evans 


Where  size-specific  weighted  prevalence  data  exist  within  a  popu- 
lation (they  did  not  for  this  study)  the  contributions  of  Barber  et  al. 
(1988).  Choi  et  al.  (1989,  199.^),  and  Kennedy  et  al.  ( 1995)  provide 
the  basis  for  further  development  of  appropriate  Fj  values. 

Fertilization  efficiency  is  density  dependent,  and  described  as  a 
multiplier.  F,.  Values  range  from  1 .0  (100%  fertilization)  to  0.0  (no 
fertilization).  The  following  is  rewritten  from  Levitan  (1991): 

log  %  fertilization  =  0.72  (log  OD)  +  0.49  or 
%  fertilization  =  0.49  x  OD"^- 

where  OD  is  total  oyster  density  in  oyster  m"".  To  provide  a 
correction  factor  for  the  present  application  the  values  must  be 
expressed  on  a  0-1  range,  rather  than  a  percentage. 

F,   =  0.0049  X  OD"^- 

Production  of  larvae  (strictly  speaking  embryos  or  fertilized  eggs) 
m^"  is  therefore  estimated  by  (F,,,,  x  F,,  x  F._  x  Fj  x  F,)  in  units  of 
larvae  m~". 

Estimation  of  Retention  of  the  larvae  Within  the  James  River  During 
Planktonic  Development 

Retention  of  larvae  in  the  James  River  during  their  planktonic 
stage  is  estimated  by  use  of  a  3-D  flow  model  with  a  12  x  15 
second  grid  size,  approximately  square  at  this  latitude  and  longi- 
tude with  160  x  160  m  dimension  (Hamrick  1992a,  Hamrick 
1992b),  and  a  time  step  of  90  sec.  Duration  of  the  larval  develop- 
ment (  =  planktonic)  period  is  set  at  21  days,  a  conservative  esti- 
mate of  planktonic  existence.  Given  the  exponential  nature  of  lar- 
val mortality  curves  and  the  nature  of  retention  in  the  James  River, 
both  described  later  in  the  text,  the  effect  of  reduction  in  this 
estimate  is  relatively  minor  until  estimated  larval  duration  be- 
comes unreasonably  short  for  prevailing  salinities  and  temperature. 
The  .VD  model  provides  estimates  of  loss  to  advection  only,  and 
gives  the  cumulative  number  of  competent  to  metamorphose  lar- 
vae in  each  of  the  cells  of  a  grid  overlaying  the  area  of  origin  and 
the  adjacent  region.  To  develop  estimates  of  retention  and  advec- 
tive  losses  river  wide,  egg  production  estimates  were  developed 
using  data  from  Table  1  (see  Results)  as  further  described  in  Table 
5  (see  Results).  To  estimate  losses  to  advective  processes  only  the 
simulation  was  run  with  an  assumption  of  100%  fertilization,  that 
is  the  following  values  were  assumed:  F^^  =  0.5,  F.,  =  1 .0.  Fj  = 
1.0.  and  F,  =  1.0.  In  the  simulation  eggs  were  released  into  the 
water  column  for  the  entire  oyster  population  over  a  12-h  period  in 
one  tidal  cycle  with  the  initial  concentration  in  each  cell  being 
dictated  by  oyster  density  and  demographics  within  the  strata  un- 
derlying that  cell.  Larvae  were  assumed  to  be  slightly  negatively 
buoyant  passive  particles,  the  model  did  not  incorporate  complex 
larval  behavior  responses  to  oriented  environmental  stimuli.  Ad- 
vective loss  estimates  were  subsequently  incorporated  into  fertil- 
ization, growth,  and  recruitment  estimates  that  incorporate  density 
dependence  as  will  be  illustrated  later. 

To  examine  settlement  after  advective  loss  was  accounted  for. 
a  21-day  simulation  (the  assumed  duration  of  larval  development) 
was  run.  At  hourly  intervals  after  the  21 -day  pelagic  component 
the  cumulative  counts  of  larvae  in  the  bottom  of  three  layers  of  the 
water  column  were  estimated  and  "deposited"  on  the  bottom.  This 
process  was  repeated  for  the  following  1 1  "model  hours"  to  give 
..  12-h  cumulative  total.  Although  larvae  may  settle  over  a  period 
of  g\-:iter  than  12  h  in  the  field  the  smiiilalion  effectively  removed 


the  vast  majority  of  the  larvae  in  the  water  column  in  this  period. 
Development  of  spatial  settlement  estimates  does  not  discriminate 
with  respect  to  source  of  larvae,  only  the  eventual  size  of  settle- 
ment and  metamorphosis,  that  is  the  output  procedure  does  not 
discriminate  between  larvae  that  originate  on  each  of  the  19  reef 
sources.  The  "larval  pool"  is  considered  homogenous  once  it  is 
constructed  with  respect  to  source.  Thus,  estimating  return  of  lar- 
vae to  the  source  reef  within  the  confines  of  the  total  area  was  not 
attempted,  only  numbers  of  larvae  retained  from  a  simulation  of  a 
single  simultaneous  spawning  of  all  reefs.  This  is  an  acknowledged 
deficiency  of  the  simulation,  but  was  dictated  by  computational 
limitations. 

Estimation  of  iMrval,  Metainorphic  and  Post  Settlement  Mortality 

While  in  the  water,  column  larvae  are  subjected  to  daily  mor- 
tality associated  with  biological  and  physical  stress.  This  is  ac- 
commodated by  a  larval  mortality  estimator,  where  L„„„.,  is  the 
daily  larval  mortality  rate  |a  proportional  value  between  1.0  (all 
died)  and  0.0  (no  mortality)].  Survival  is  ( 1-L„,„„)  for  a  period  of 
1  day  or  ( l-L,,,,,^)"  for  a  n-day  planktonic  development  period.  For 
the  current  application  L,„„„  values  are  adopted  from  typical  data 
obtained  in  the  VIMS  Oyster  Hatchery  at  Gloucester  Point,  which 
operates  in  salinity  ranges  comparable  to  those  of  the  appropriate 
section  of  the  James  River  covered  by  the  3-D  model.  Typical 
L„„,„  values  for  the  hatchery  are  in  the  range  0.1-0.07  with  ex- 
treme values  of  0.25  only  occurring  with  red  tide  (Cochhidiniiim 
hclicoides)  incidence.  For  the  immediate  application  the  range  of 
L,„„„  is  set  at  0.1-0.07.  This  modifier  can  be  applied  as  a  single 
computation  to  estimate  competent  to  metamorphose  larval  supply 
at  the  end  of  the  2 1  -day  larval  development  period.  Thus,  when 
L„„,n  is  set  in  the  range  0.1-0.07  the  terminal  modifier  is  (I- 
Lnu.rt)"'-  The  decreasing  exponential  nature  of  this  curve  is  such 
that  the  terminal  value  is  gradually  but  increasingly  insensitive  to 
change  in  number  of  days  of  larval  development  above  21.  but 
becomes  increasingly  sensitive  if  the  duration  of  the  larval  phase  is 
significantly  decreased. 

A  modifier  was  developed  to  describe  the  probability  of  finding 
suitable  substrate.  P,,^,,-  ^  modifier  with  a  value  between  1 .0  and 
0.0,  that  can  be  estimated  from  field  surveys  of  substrate  abun- 
dance. Relevant  data  is  taken  from  Table  5.2  (see  Results),  is 
specific  to  the  reef  location  in  the  James  River,  and  based  on  1994 
survey  data.  A  shell  layer  1  cm  thick  covering  1  sq.  m  of  bottom 
has  a  volume  of  10  L.  For  the  current  purpose  a  premise  is  adopted 
that  a  shell  layer  a  minimum  of  one  cm  thick  is  required  to  offer 
a  suitable  substrate  (respecting  the  fact  that  above  data  include 
buried  shell  retrieved  in  the  collection  process  that  could  not  be 
consistently  distinguished  from  surface  shell,  and  thus  the  esti- 
mates are  probably  generous  with  respect  to  available  area).  There- 
fore, the  values  in  Table  5.2  (see  Results),  when  divided  by  10  give 
an  estimate  of  P.,^^  as  a  dimensionless  factor.  Thus: 

If  shell  volume  >  10  L  m~'.  P,,^  =    1.0 
If  shell  volume  <  10  L  nr',  ?,„,,  =  0.1  x  Shell  Vol  (no  units) 

A  modifier  was  developed  to  describe  the  probability  of  finding 
substrate  free  of  fouling  organisms  that  precluded  settlement.  This 
was  termed  P,,,,,,  and  can  vary  between  1.0  (no  fouling)  and  0.0 
(complete  preclusion  of  settlement).  A  value  of  P,,,,,,  =  0.33  was 
adopted  based  on  the  findings  of  Rheinhardt  and  Mann  ( 1990)  for 
the  James  River.  A  further  modifier  was  developed  lo  tiescribc  the 
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TABLK  i. 

Mean  niunthly  salinity  and  temperature  lor  reef  sites  in  the  James  River  based  on  river  How  data  (salinity)  and  ^  oi  k  River  continuous 

data  (temperature). 


Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 

Dec 

Salinity  (ppt) 

DWS  (Deep  Water  Shoal) 

4.25 

3.94 

3.63 

4.02 

4.  IS 

6.42 

7.87 

8.86 

8,76 

8.51 

6.30 

4.77 

HH  tHor>ehead) 

5.95 

5.63 

5.09 

5.56 

5-91 

8.35 

9.84 

10.80 

10.58 

10.32 

8.15 

6.64 

WS  (Wreck  Shoal) 

8.35 

8.03 

7.16 

7.75 

8.37 

11.09 

12.63 

13.55 

13.17 

12.88 

10.78 

9.28 

Temperature  (  C) 

4.83 

5.14 

7.93 

13.72 

19.00 

24.07 

27.01 

27.19 

24.61 

19.18 

13.73 

8.26 

proh;ibilit>  of  successtul  completion  of  metamorphosis  to  the  at- 
tached form.  P,„of  This  can  again  vary  between  1.0  (all  survive) 
and  0.0  (no  survival).  For  the  present  application  the  value  is  set 
to  that  typical  of  VIMS  Oyster  Hatchery  operation  at  0.2.5.  Thus, 
P„.e,  =  0.25. 

Recruitment  to  the  benthos  is  therefore  estimated  from  larval 
supply  values  in  Table  5.2  (see  Results)  by  modifying  the  correc- 
tion function  to  incorporate  fl-L,,,,,^)"'.  P.,„^,.  ?,,„,,  and  P,„^.,  thus: 


reefl 

E  [<F.o,  X  F^  X  F.  X  Fj  X  F.)  x  ( 1-L^„J-'  x  P,„„  x  P,, 

reef]  1 


X  Pn,c.  X  A] 


/3068X  10' 


where  3068  x  10'"  is  the  sum  of  larval  production  for  all  reefs 
(Table  5.1.  .see  Results). 

Post  settlement  mortality  rate  for  the  time  period  required  to 
attain  the  mid  point  of  the  5  mm  size  class  is  described  by  J„,„„ 
(anywhere  between  1.0  and  0.0).  the  daily  juvenile  mortality  rate. 
Survival  is  ( 1-J„„,n)^'''  where  dp  is  the  number  of  days  to  the  mid 
point  of  the  5  mm  size  class.  Values  of  J,,,^,^  are  given  in  Roegner 
and  Mann  (1995.  Table  2,  Summer  data  at  -75  cm  exposure)  and 
vary  weekly,  from  13.3  for  Week  1  post  settlement,  to  0.4  for 
Week  2.  to  0.2  for  Week  3.  and  0.1  for  Week  4.  The  value  of  dp 
is  estimated  from  growth  rate  of  post  settlement  juveniles.  In  a 
number  of  trials  with  oysters  from  the  VIMS  Oyster  Hatchery  at 
Gloucester  Point  growth  rate  varies  in  the  range  0.9-2.5  mm 
week"',  with  typical  values  of  1.5-2.0  mm  week"'.  This  gives 
typical  daily  values  of  0.215-0.29  mm  day"'.  Data  from  Roegner 
and  Mann  (1995.  Figure  3B.  -25  and  -74  cm  exposure  level 
oysters)  estimates  growth  to  the  equivalent  area  of  a  6  mm  diam- 
eter circle  (considered  representative  of  a  8  mm  height  oyster)  to 
require  20  days.  This  is  equivalent  to  a  daily  growth  rate  of  0.4  mm 
day"',  slightly  higher  than  that  of  hatchery  oysters.  These  animals 
were,  however,  hung  in  a  vertical  array  above  the  bottom  and 
probably  enjoyed  marginally  increased  growth  relative  to  bottom 
dwelling  individuals.  Adopting  a  time  to  8  mm  of  dp  =  28  days 
requires  a  linear  growth  rate  of  0.29  mm  day"',  in  agreement  with 
hatchery  experiments  and  only  marginally  slower  than  Roegner 
and  Mann  (1995).  Cumulative  mortality  to  8  mm  is  taken  as  93% 
(from  Roegner  and  Mann  1995).  Thus: 


(1-J„ 


.dp 


0.07. 


Recruitment  to  the  mid  point  of  5  mm  siz.e  class  is  estimated  by 
further  by  modifying  the  correction  function  to  the  larval  supply 
values  in  Table  5.2  to  incorporate  (1-J„„,n)''''  thus: 


E   ['F..,.  X  F^  X  F„  X  F,  X  F,)  x  ( 1-L„„,J-'  x  P„„,  x  P,-^„ 

/ve;/iy 


P„,c,X(l-Jn,or,)''xA] 


/3068X  10' 


Values  per  unit  area  for  individual  reefs  are  obtained  by  not  in- 
corporating the  reef  area  descriptor  A. 

RESULTS 

Estimation  of  Oyster  Standing  Stock  and  Demographics. 

Data  are  presented  in  two  formats.  Table  1  gives  demographic 
information  by  reef  number  on  a  per  sq.  meter  (hereafter  m"") 
basis.  This  table  is  also  an  input  matrix  to  the  3-D  larval  retention 
simulation  model.  Note  that  percentage  distribution  within  each 
size  class  is  fairly  constant  throughout  the  various  reefs.  Note  also 
that  these  values  probably  represent  the  end  of  growth  in  that 
calendar  year.  There  is  a  lack  of  representation  in  the  very  small 
size  classes  in  Table  1  because  the  oysters  grew  since  the  preced- 
ing summer.  Table  2  provides  further  information  on  total  standing 
stock  by  incorporating  individual  reef  area,  which  is  highly  vari- 

TABLE  4. 

Estimated  spawning  dates  of  oysters  in  James  River  using  D'  values 

from  420  to  460  and  mean  daily  temperature  by  Julian  day  from 

Table  3. 


Date 


Julian  dav 


D':  day-degree  minimum  requirements 
420  434  450  460 


14-Jun 

165 

15-Jun 

166 

16-Jun 

167 

17-Jun 

168 

15-Jul 

196 

17-Jiil 

198 

19-Jul 

200 

20-Jul 

201 

12-Aug 

224 

15-Aug 

227 

18- Aug 

230 

20-Aug 

232 

12-Sep 

255 

16-Sep 

259 

22-Sep 

265 

26-Sep 

269 

9-Nov 

313 

4.30 


423 


423 


431 


421 


443 


440 


438 


434 


455 


458 


453 


457 


467 


461 


467 


469 
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TABLE  5.1. 
Estimates  of  larval  supply  to  individual  reefs  based  on  egg  production  data  as  described  in  text. 


Egg  production 

Area 

Area 

Total  eggs 

Egg  production 

Ff 

Salinity  to 

corrected  for  Fs  and  Ff 

Survival  to  pediveliger  at 

Lmort=0.1 

l.mort=0.07 

Reef 

acres 

m'^2*10"3 

*!()'>  12 

10'^6  m-2 

%fert.eggs 

estimate  Fs 

*10'^6m-2    *10"12 

in'^6 

10"6 

1 

233.92 

947 

377 

398 

1.81 

8.5 

0.66       0.62 

67993 

135366 

2 

19.93 

81 

12 

155 

1.40 

8.5 

0.20       0.02 

1737 

3457 

3 

3.01 

12 

36 

2927 

2.32 

10.8 

34.60       0.42 

46096 

91773 

4 

19.47 

79 

65 

828 

2.18 

10.8 

9.19       0.72 

79208 

157696 

5 

19.47 

79 

95 

1203 

2.24 

10.8 

13.74       1.08 

118405 

235732 

6 

3.95 

16 

28 

1780 

2.24 

10.8 

20.32       0.32 

35546 

70768 

7 

72.05 

292 

279 

958 

2.10 

10.8 

10.25       2.99 

326986 

650997 

8 

131.71 

533 

329 

617 

2.01 

10.8 

6.31       3.36 

368024 

732698 

9 

36.89 

149 

62 

414 

1.87 

10.8 

3.95       0.59 

64472 

128356 

10 

3.58 

14 

6 

414 

1.60 

13,5 

6.63       0.10 

10508 

20920 

11 

5.93 

24 

1 

37 

1.35 

13.5 

0.50       0.01 

1309 

2606 

12 

86.85 

351 

37 

104 

1.48 

10.8 

0.79       0.28 

30248 

60220 

13 

165.00 

668 

17 

25 

0.98 

10.8 

0.12       0.08 

9089 

1 8096 

14 

611.80 

2476 

223 

90 

1.24 

10.8 

0.57       1.41 

154140 

306877 

15 

1 244.90 

5038 

656 

130 

1.51 

10.8 

1.00       5.05 

553054 

1101075 

16 

626.51 

2535 

179 

71 

1.56 

10,8 

0.56       1.42 

155508 

309600 

17 

628.93 

2545 

.^41 

134 

1.32 

13,5 

1.77       4.50 

492847 

981209 

18 

1017.20 

4117 

231 

56 

1,22 

13,5 

0.68       2.81 

307261 

611725 

19 

584.76 

2366 

94 

40 

1.17 

13,5 

0.46       1.09 

1 19694 

238299 

Total 

3068 

26.89 

2942 1 24 

585747 1 

Total  egg  production  based  on  oyster  demographics  as  described  in  Table  1  using  the  following  relationships: 

(i)  Weight  =  0.000423  *Length  "1.7475  from  Mann  and  Rainer  (1992)  and  unpublished  field  data  by  Mann  collected  in  1994. 

(ii)  Fecundity  =  39.06  *Weight  '^2.36  from  Thompson  et  al.  (1996)  using  data  of  Cox  and  Mann  ( 1992) 

(iii)  Egg  production  estimates  assume  50%  female  in  all  size  classes 

Ff.  %  fertilization  =  0.49*OD'*0.72  (from  Levitan  1991)  where  OD  is  oyster  density  m  oysters  m-2 

Salinity  to  estimate  Fs  is  based  on  salinity  index  of  reef:  reefs  1-3  incl.  =  DWS;  reefs  4-9  incl.  and  12-16  mcl.  =  HH;  reefs  10.  1 1,  17,  18  and  19 

WS  (see  text). 

Fs  =  [(S  -  8.0)/(13.5  -  8.0)1  *1.0  =  (S  -  8.0)/5.5  from  Mann.  Ramer  and  Morales  (1994,  JSR.  13(1 1:  157-1641 

Survival  to  pediveliger  is  estimated  as  =  ( l-Lmort)''21 

L  mort  =  0.1  is  10%  survival  per  day  for  a  21 -day  development  penod 

L  mort  =  0.07  is  7%  survival  per  day  for  a  21 -day  development  period 

L  mort  values  estimated  from  VIMS  hatchery  experiments 

Larval  supply  from  3D  model,  see  Figures  4  and  5. 

Shell  substrate  availability  from  Fall  1994  survey,  see  te.xt 


able  as  illustrated  by  Figure  IB.  A  brief  summary  of  1993  popu- 
lation sizes  is  appropriate.  Absolute  densities  of  oysters  by  reef  are 
highly  variable,  from  high  values  of  350.  272.  271,  222,  173,  and 
129  per  sq.  ineter  at  Upper  Horsehead,  Lower  Horsehead.  Moon 
Rock,  Middle  Horsehead,  V  Rock  and  Point  of  Shoals  respec- 
tively, to  low  values  of  14,  II,  10,  9,  and  5  at  Lower  Jail  Island, 
Upper  Jail  Island,  Offshore  Jail  Island,  Wreck  Shoal,  and  Swash 
respectively.  Mean  estimates  of  standing  slocks  of  seed  (small)  and 
market  oysters  (<62.3  and  >62.5  mm  inaxinium  dimension  respec- 
tively')  are  465,356  and  258,869  bushels  respectively,  for  a  total  of 
approximately  724,225  bushels  in  the  surveyed  section  of  James 
River.  The  confidence  interval  around  these  values  gives  upper  and 
lower  values  of  318,542  and  612.169  bushels  for  seed  (small),  and 
155,582  and  365,078  bushels  for  luarkel  oysters  respectively.  A 


'The  adoption  of  a  62.5  min  distinction  is  in  accordance  with  harvest 
regulation  at  the  time  of  the  study.  Before  the  study  period  the  minimum 
si/e  for  market  oysters  was  76  nun.  The  larger  size  limit  was  again 
adopted  by  regulation  in  1995. 


limited  number  of  individual  rocks  had  lower  estimates  of  zero  for 
market  oysters — these  reflect  analysis  of  data  that  include  a  large 
nutnber  of  samples  with  zero  market  size  oysters  present.  Substan- 
tial seed  (small)  oyster  resources  are  present  in  a  number  of  loca- 
tions: Upper  Deep  Water  Shoal,  the  components  of  Horsehead 
Rock,  V  Rock,  Point  of  Shoals,  Cross  Rock,  and  the  large  areas  of 
Swash  and  Jail  Island.  The  bulk  of  market  oysters  are  located  on 
the  same  rocks. 

Salinity  ami  Tempera  I  a  re 

Table  3  gives  luonthl)  mean  data  for  salinity  at  three  locations. 
Deep  Water  Shoal,  Horse  Head,  and  Wreck  Shoal  estimated  from 
river  How  as  described  earlier.  At  Deep  Water  Shoal  the  annual 
range  is  from  <4.0  to  8.86  ppt.  At  Horse  Head  the  annual  range 
increases  to  5.09-10.8  ppt,  whereas  at  Deep  Water  Shoal  the  an- 
nual range  is  from  7.16  to  13.55  ppt.  Lowest  values  are  observed 
in  March  and  ma.ximum  values  observed  in  August.  The  annual 
temperature  range,  based  on  York  River  continuous  data,  varies 
froiu  4.83'  C  in  January  to  >27°C  in  July  and  August. 
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TABLE  5.2. 

Working  example  of  recruit  estimate:  Sur>iving  pedivelifjer  niiinhers  corrected  for  advection  loss,  after  further  correction  for  substrate 

limitation  (Psub),  fouling;  il'foull  and  competency  (Pmet) 


^pediveli 

iger*Psub 

After  loss 
to 

Advection  corrected 

*Pfoul 

*Pmel 

Corrected  *0.07  for 
survival  to  4  Heeks 

4  weeks 

5-7 

post  set: 
mm 

Larval 

advection 

I.morl  =  (1.1 

I.morl  =  (1.1(7 

Pfoul  =  0.33. 

Pmet  =  0.25 

15-20  mm* 

supply 

oni> 

total  pedi\ 

total  pedi\ 

I.morl  =  0.1 

Lmorl  =  0.07 

Lmort  =  0.1 

Lmorl  =  0.07 

Lmorl  =  0.1 

Lmorl  =  0.07 

spat 

Reef 

*l(l"6ni-2 

*I0'12 

*i(r6 

*l(r6 

INuh 

*10"6 

»10"6 

*10"6 

*10''6 

spat  m-2 

spat  m-2 

per  sq.  m 

1 

5 

4.73 

6232 

12407 

043 

221 

439 

15 

31 

16 

32 

5.32 

2 

8 

0.65 

159 

317 

029 

4 

8 

0 

1 

3 

7 

2.8 

3 

15 

(1.18 

4225 

8412 

0.93 

325 

647 

23 

45 

1870 

3722 

30 

4 

15 

1.18 

7260 

14454 

0.52 

311 

620 

TT 

43 

277 

551 

53.8 

S 

Id 

1.26 

1 0853 

21607 

1 .00 

895 

1783 

63 

125 

796 

1584 

104.5 

h 

Ih 

0.26 

3258 

6486 

0,70 

1X8 

375 

13 

26 

824 

1640 

187.3 

7 

16 

4.67 

29971 

59669 

0.76 

1867 

3717 

131 

260 

448 

892 

79.17 

8 

14 

7.46 

33732 

67158 

0.66 

1826 

3635 

128 

254 

240 

477 

61.05 

y 

16 

2.39 

5909 

11765 

0.74 

361 

718 

25 

50 

169 

337 

77 

ID 

15 

0.22 

963 

1918 

0.73 

58 

115 

4 

8 

280 

558 

44 

11 

13 

0.31 

120 

239 

1.50 

15 

30 

1 

"> 

43 

86 

35.7 

12 

12 

4.22 

2772 

5520 

0.21 

48 

96 

3 

7 

10 

19 

8 

13 

12 

8.01 

833 

1659 

0.04 

3 

5 

0 

0 

0 

1 

-» 

14 

11 

27.23 

14128 

28128 

0.19 

224 

446 

16 

31 

6 

13 

1.17 

15 

14 

70.53 

50692 

100923 

0,24 

1020 

2032 

71 

142 

14 

28 

5.85 

16 

16 

40.57 

14254 

28377 

0.31 

366 

728 

26 

51 

10 

20 

12.92 

17 

10 

25.45 

45174 

89936 

0.16 

585 

1165 

41 

82 

16 

32 

1.05 

IS 

13 

53.51 

28163 

56070 

0  41 

957 

1906 

67 

133 

16 

32 

7.12 

14 

12 

28.40 

10971 

21842 

0.71 

638 

1270 

45 

89 

19 

38 

8.43 

total 

281.23 

269671 

536887 

9912 

19733 

Psub:  substrate  dependency  based  on  shell  volume  m-2.  If  shell  volume  >  10  L  m-2,  Psub  =  1.0;  if  <  10  L  m-2  Psub  =  0.1  *  shell  vol 

Pfoul  =  %  of  substrate  available  for  settlement  (not  fouled).  Pfoul  =  0.33  taken  from  Rheinhardt  and  Mann  (1990.  Biofouling.  2;I3-25) 

Pmet:  %  completing  metamorphosis  from  apparent  competency  (VIMS  hatchery) 

Survival  rate  to  4  wk  post  settlement  (approx.  .5-7  mm  length)  taken  from  Roegner  and  Mann  ( 199.5.  MEPS.  I  17:91-101 ) 

*spat  data  from  stock  assessment:  Mann,  unpublished  data 


Egg  Production.  Spawning  and  Fertilization 

Estimates  of  spaw  ning  dates  are  given  in  Table  4  for  values  of 
D'.  the  day  degree  estimator,  of  420.  434  (the  mean  value  calcu- 
lated for  James  River  oysters  in  1988).  450  (estimated  by  Price  and 
Maurer  1971).  and  460  using  mean  daily  temperatures  estimated 
from  Table  3.  Mean  water  temperature  e.xceeds  I2°C  on  April  7 
and  stimulates  first  spawning  in  the  Julian  day  period  165-168 
(June  14  to  17).  A  second  spawning  is  estimated  in  the  Julian  day 
period  196-201  (July  15  to  20).  By  the  estimated  third  spawning 
(Julian  day  224-232.  August  12  to  20)  a  slight  lag  is  observed  for 
the  higher  D'  values.  By  the  fourth  estimated  spawning  (Julian  day 
255-269.  September  12  to  26)  the  time  lag  between  D'  values  of 
420  and  460  is  14  days,  with  the  cumulative  effects  of  three  prior 
spawnings  being  exacerbated  by  decreasing  Fall  water  tempera- 
tures. A  D'  value  of  420  suggests  a  fifth  possible  spawning  in 
November;  however,  this  is  at  a  period  of  decreasing  water  tem- 
perature when  absolute  temperature  is  too  low  to  stimulate  spawn- 
ing and  larval  forms  would  not  survive.  There  is  support  for  the 
above  estimates  in  that  long  term  records  of  oyster  spat  settlement 
in  the  James  (VIMS  archives)  indicate  settlement  from  as  early  as 
June  and  ending  as  late  as  October.  Although  the  employed  D' 
value  of  434  is  based  on  direct  observations  from  the  study  site, 
any  error  incurred  will  probably  be  toward  a  low  value  for  D'  if 
weight  is  given  to  the  observations  of  Barber  et  al.  (1991)  on 
spawning  patterns  of  oysters  from  east  coast  origins  when  main- 
tained in  the  Delaware  Bay  environment — namely,  that  oysters 
from  more  northerly  origins  spawned  at  lower  temperatures,  sug- 


gesting an  increasing  D'  in  the  current  context  with  more  southerly 
origin.  Exceptionally  late  spat  settlements  associated  with  a  fourth 
spawning  only  occur  in  years  when  unusually  high  water  tempera- 
tures are  observed  in  September  and  October. 

Using  size  distribution  data  for  spawning  oysters  of  the  form 
given  in  Table  1  allows  estimates  of  egg  production  m'"  for  the 
chosen  reef  system.  To  make  river-wide  estimates  of  egg  produc- 
tion the  required  calculation  is  the  sum  of  (F„„  x  reef  area)  for  all 
19  reefs.  An  example  of  this  calculation  is  given  in  Tables  5.1  and 
5.2  using  the  data  presented  in  Table  1  as  a  base  for  calcuation. 

Retention  of  the  Larvae  Within  the  James  River  During 
Planktonic  Development 

Figures  4A  through  4F  illustrate  predicted  distributions  of  lar- 
vae in  the  bottom  water  layer  after  release  over  one  tidal  cycle  (4A 
at  time  step  1 ).  and  then  after  5,  10.  15.  20.  and  25  tidal  cycles  (4B 
through  4F  respectively).  The  simulated  release  is  driven  by  June 
1985  river  flow  data  and  describes  only  advective  loss  in  that  no 
mortality  function  is  incorporated  at  this  stage.  The  data  on  larval 
concentration  are  given  in  log,,,  larvae  m"' .  As  expected  there  is 
an  initial  concentration  on  the  spawning  ground  and  a  subsequent 
dispersal  event.  Field  studies  by  Mann  (1988)  reinforced  earlier 
suggestions  by  Ruzecki  and  Hargis  (1988)  that  a  tidal  related  fron- 
tal system  off  Newport  News  Point,  marked  by  the  letter  N  in 
Figure  4  A-F.  was  important  in  retaining  larvae  that  were  swept 
downstream  of  the  reefs  described  in  Figure   1.  Figure  4  A-F 
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Figure  4.  Predicted  distribution  of  oyster  larvae  in  the  bottom  water  layer  at  time  step  =  0  after  release  over  one  preceding  tidal  cycle  (4A|.  and 
then  after  5,  10,  15,  20,  and  25  tidal  cycles  (4B  through  4F  respectively!.  I'nits  are  log,,,  oyster  larvae  m'.  Data  were  generated  from  fecundity 
•:  'imates  as  given  in  Table  4.  K,,  was  set  at  0.5.  h\.  K,,,  and  F,  were  all  set  at  1.0.  lOO'^i  fertilization  was  assumed  with  no  mortality.  Water  flow 
was  set  at  July  1985  values.  N  marks  the  location  of  Newport  News  Point.  See  text  for  further  details. 
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Figure  4.  Continued. 


suggest  that  most  of  the  larvae  from  extant  reefs  in  the  upper  James 
River  do  not  extend  in  significant  numbers  that  far  downstream  in 
typical  summer  flow  conditions,  but  spread  out  in  both  up  and 
downstream  directions  and  remain  in  the  approximate  region  of 
their  production  in  the  simulation.  This  pattern  becomes  quite 
stable  at  20-25  tidal  cycles,  as  demonstrated  by  the  similarity  in 
Figures  4E  and  F.  The  simulated  retention  of  larvae  in  their  region 
of  origin  is  in  agreement  with  monitoring  data  shellstrings  in  the 
field  surveys  (Virginia  Institute  of  Marine  Science  Library  Ar- 
chive), and  previous  dye  simulations  reported  in  Ruzecki  and  Har- 
gis  (1988).  The  important  observation  serves  to  offset  a  limitation 
of  the  current  simulation,  namely  the  lack  of  a  larval  behavior 
component.  The  water  column  in  the  region  of  retention  is  rela- 
tively shallow,  generally  <5  m  with  the  exception  of  the  major 
channel,  and  demonstrates  weak  vertical  density  structure  in  com- 
parison to  the  frontal  system  region  further  downstream  (see  Mann 
1988).  The  lack  of  density  structure  in  the  majority  of  the  water 
column  probably  serves  to  minimize  larval  redistribution  by  ori- 
ented swimming  with  the  exception  of  upstream  movement  of 
larvae  entrained  in  bottom  water  in  the  channel  (see  Figure  1  in 
Mann  1988).  The  simulation  is  further  aided  in  that  minor  wind 
driven  mixing  serves  to  maintain  homogeneity  of  the  upper  water 
column  containing  early  larval  stages;  however,  the  simulation 
remains  limited  with  respect  to  behavior  of  pediveliger  forms. 

Figure  5  shows  contour  plots  of  cumulative  estimated  settle- 
ment over  a  twelve  hour  period  after  a  21 -day  larval  development 
period.  Input  data  for  egg  production  in  the  computer  code  that 
generated  Figure  4  A-F  is  in  units  of  millions  m""  (the  range  of 
values  for  input  of  eggs  in  the  model  was  between  2.4  x  10^  and 
3  X  10''  m"-).  Consequently,  the  contour  values  depicting  larval 


concentrations  in  Figure  5  are  also  in  millions  m""  with  values  in 
the  range  4-16  x  10''  m"".  The  immediate  visual  comparison  of 
Figure  5  is  with  Figure  1.  A  and  B.  the  distribution  of  oyster 
habitat  and  surveyed  reefs  in  the  river.  The  sweep  of  high  values 
on  Figure  5  corresponds  to  Reef  Numbers  3  through  8.  12.  13.  and 
parts  of  15  and  16  in  Figure  IB.  These  are  major  productive  reef 
systems.  The  high  concentrations  on  the  western  shore  of  the  river 
in  Figure  5  coincide  to  the  deep  channel  with  a  muddy  bottom  in 
Figure  lA.  where  little  settlement  occurs.  From  Figure  5  the  in- 
tensity of  larval  supply  to  the  individual  reef  systems  was  esti- 
mated by  overlay  of  Figure  5  on  Figure  I B  of  this  report,  estimates 
are  given  in  Table  5.2.  Of  note  are  the  modest  losses  to  advection 
when  all  other  losses  are  not  considred.  a  decrease  from  3068  x 
10'- to  281  X  10'-  in  total  number  (compare  column  4  in  Table  5.1 
versus  column  3  in  Table  5.2).  These  vary  from  <1  to  approxi- 
mately two  orders  of  magnitude.  Sequential  re-examination  of  Fig- 
ures 4A  through  4F  support  these  estimates  of  modest  losses. 
Thus  advective  losses  from  a  pool  fertilized  eggs  that  number: 


X  Fq  X  F, 


X  F .  X  F,)  X  A] 


where  F^  =  0.5.  F.,.  Fj.  and  F,  =  1 .0.  and  A  is  reef  area,  for  each 
of  the  19  reefs  are  reflected  in  the  relative  values  of  egg  produc- 
tion, with  a  cumulative  value  of  3068  x  10'-  for  the  entire  system 
as  simulated,  and  competent  to  metamorphose  larval  supply  in 
units  of  both  millions  m""  and  total  values  for  the  reef,  as  given  in 
Tables  5.1  and  5.2.  Although  fixed  values  were  employed  for  F^, 
F.^.  Fj.  and  F,  in  this  simulation  the  formulation  can  be  modified  to 
accommodate  variation  in  these  functions  between  different  source 
reefs.  Supply  of  competent  to  metamorphose  larvae  to  individual 
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Figure  5.  Contour  map  estimatinj;  cumulative  numbers  of  oyster  lar- 
vae, in  millions  m""  accumulated  over  a  twelve  hour  period,  available 
for  settlement  in  the  James  River,  VA  from  a  single  simultaneous 
spawning  of  all  oysters  in  the  region  as  described  in  Table  4  and  with 
constraints  as  for  Figures  4,  A-F.  The  simulation  is  terminal  status 
after  a  21  day  developmental  period.  Spatial  distribution  patterns  can 
be  compared  with  Figures  1,  A-B.  See  text  for  further  details. 

reefs  in  these  instances  is  estimated  by  inflating  or  reducing  the 
values  in  Table  5.2  by  the  ratio  of  total  egg  production  for  the 
chosen  simulation  to  that  employed  for  the  development  of  data  in 
Figure  5  and  Tables  5.1  and  5.2.  That  is  larval  supply  values,  in 
units  of  millions  of  larvae  m""^.  in  Table  5.2  are  corrected  by  the 
factor; 

I   reen  | 

2   [<F.oi  X  F4  X  Fs  X  Fcj  X  Ff)  X  A]  /  .^068  x  lO'- 

where  the  value  3068  x  10'"  reflects  estimates  of  total  egg  pro- 
duction in  the  3-D  model  run  as  described,  and  the  incorporation 
of  A,  reef  area,  gives  total  larvae  per  reef  in  the  sum  estimation. 

Estimation  of  iMrxal.  Metamorphic  and  Post  Settlement  Mortality 

Estimation  of  larval,  metamorphic  and  post  settlement  mortal- 
ity, including  incorporation  of  advective  loss  to  give  final  esti- 
mates of  recruitment,  are  given  in  a  sequential  manner  in  Tables 
5.1  and  5.2.  All  data  is  given  on  a  reef  specific  basis.  Table  5.1 
gives  reef  area  and  unit  area  egg  production.  The  correction  func- 
tion F,  generated  from  Levitan  ( 1441 )  is  given,  together  with  the 
ambient  salinity  at  spawning  data  (Table  3),  and,  with  the  reef 
specific  association,  used  to  estimate  F.,.  Note  the  very  substantial 
losses  associated  with  density  effects  at  fertilization.  In  undis- 
turbed oyster  reefs  where  aggregate  settlement  occurs  the  use  of 


mean  densities  might  over  estimate  loss  at  this  stage;  however,  the 
cuiTcnt  situation  of  reefs  continually  disturbed  by  fishing  activity 
and  the  lack  of  contiguous  hard  substrate  suggest  that  the  losses 
described  by  F,  are  realistic.  Subsequently,  egg  data  is  given  as 
absolute  and  density  values  by  reef  at  spawning  and  as  fertilized 
embryos  after  correction  for  F.,  and  F,.  Table  5.1  continues  with  a 
list  of  results  of  a  correction  for  larval  monality  over  a  21 -day 
period  at  two  chosen  daily  mortality  rates.  0. 1  and  0.07  per  day. 
Note  the  changing  order  of  magnitude  values  in  columns  of  Table 
5  as  the  sequential  calculation  moves  across  the  table. 

Table  5.2  presents  larval  supply  data  obtained  from  overlay  of 
reef  distribution  (Figure  IB)  on  the  results  of  the  dispersal  mod- 
eling exercise  (Figure  5).  The  reef  specific  data  given  in  column  2 
of  Table  5.2  describe  losses  to  advection  alone.  The  correction 
functions  generated  from  comparison  of  initial  egg  production  and 
final  egg  supply  are  applied  to  the  values  in  the  final  two  columns 
of  Table  5.1  to  give  the  values  of  Columns  4  and  5  in  Table  5.2. 
These  represent  supply  of  pediveliger  larvae  to  the  individual  reef 
systems.  These  two  columns  are  subjected  to  correction  for  sub- 
strate limitation.  P^„,,.  as  described  earlier,  fouling  using  a  Pi,,^,, 
value  of  0.33.  and  metamorphic  competency  using  a  P,„^.,  value  of 
0.25,  to  give  further  coirected  values  in  Columns  7  and  8  of  Table 
5.2.  These  latter  columns  represent  successfully  metamorphosed 
junvenile  oysters  (spat)  resulting  from  larval  developments  suffer- 
ing differing  mortality  rates.  In  Columns  9  and  10  of  Table  5.2  post 
settlement  survivors  are  subjected  to  field  estimates  of  mortality 
for  a  4-wk  period  while  growing  to  approximately  5-7  mm.  These 
same  values  are  then  corrected  to  a  unit  area  basis  in  columns  1  I 
and  12  of  Table  5.2.  Finally,  Column  13  provides,  for  comparison, 
field  data  for  15-20  mm  juveniles  (spat)  from  1994  surveys.  Given 
that  mortality  will  continue  in  the  growth  period  from  5  to  15  mm, 
the  concordance  between  estimated  and  observed  recruitment  is 
reasonable — generally  within  or  approaching  one  order  of  magni- 
tude. The  notable  extreme  is  Reef  Number  3.  which  exhibits  a  two 
order  of  magnitude  discrepancy  in  values.  No  obvious  explanation 
is  forthcoming  for  this  one  data  point. 

DISCUSSION 

Although  the  advancement  of  theoretical  considerations  re- 
mains important,  elucidation  of  the  quantitative  basis  of  the  rela- 
tionships between  cyclical  environmental  change,  population 
growth,  and  natural  and  fishing  mortality  has  clear  utility  as  both 
disease  and  commercial  exploitation  maintain  significani  pressures 
on  this  limited  resource.  In  developing  the  Paulik  diagram  as  a 
conceptual  tool  for  quantitative  descriptions  of  the  stock-recruit 
relationships  in  marine  organisms,  especially  those  with  multistage 
life  histories,  Paulik  (  1973)  underscored  the  importance  of  a  sound 
quantitative  basis  to  studies  employing  physical  models  of  water 
flow  in  effecting  larval  dispersal.  Such  an  approach  allows  esti- 
mation of  sequential  mortality  and  other  losses  on  a  quantitative 
basis  during  a  progression  from  egg  to  recruit.  Complete  account- 
ing in  life  history  studies  is  rare,  a  situation  that  underscores  the 
poor  understanding  of  losses  or  gains  associated  with  emigration 
and  immigration  respectively  in  species  with  planktonic  larval 
forms.  The  role  of  dispersal  rates  and  habitat  patches  as  a  govern- 
ing factor  in  population  fluctuations  has  not  been  limited  to  com- 
mercially exploited  species  like  oysters,  indeed  it  has  been  exten- 
sively discussed  in  context  of  aquatic  organisms  (Pulliam  1988. 
Gilpin  and  Hanski  1991,  Pulliam  and  Danielson  1991,  Pulliam  et 
al.  1992,  Doherty  and  Fowler  1994,  Hanski  1994)  with  the  general 
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conclusion  that  highly  dispersive,  planktonic  life  stages  may  dic- 
tate population  abundance  and  allow  colonization  of  new  areas 
(see  Strathmann  ]91-i.  Roughgarden  et  al.  19S,S.  Doherty  1991. 
Alexander  and  Roughgarden  19961.  While  metapopulation  dynam- 
ics theory  continues  to  develop,  comprehensive  examples  in  the 
marine  invertebrate  literature  remain  limited.  The  current  example 
contributes  to  the  discussion  and  is  unusual,  as  stated  earlier,  be- 
cause of  the  ability  to  quantify  both  emigration  by  modeling,  and 
assumes  negligible  immigration. 

Estimation  of  standing  stock  through  classic  fishery  indepen- 
dent stock  assessment  procedures  has  rarely  been  effected  for  oys- 
ters. This  is  surprising  given  their  economic  value  and  the  suit- 
abilitN  of  random  stratified  sampling  with  h>  draulic  longs  for  gen- 
erating population  estimates  in  support  of  management  policies.  In 
a  continuing  program,  Mann  and  Wesson  (1997)  have  expanded 
the  1 99.^  to  1 994  effort,  briefly  reported  here,  to  a  4-y  survey,  and 
have  demonstrated  an  ability  to  localize  freshet  impacts  in  mar- 
ginal salinity  zones,  the  effects  of  substrate  enhancement  in  his- 
torically high  settlement  zones,  and  spatial  demographic  changes 
associated  with  regulatory  limitations  for  ""seed"  and  market  oys- 
ter harvesting.  The  data  strongly  encourage  the  adoption  of  such 
assessments  in  other  exploited  oyster  (and  other  bi\al\e)  popula- 
tions in  shallow  water  locations. 

Within  given  limitations  oyster  demographics  (standing  stock 
estimates)  can  be  used  to  estimate  individual  and  population  level 
fecundity.  Of  considerable  concern,  however,  is  the  inability  to 
offer  good  values  for  disease  and  salinity  related  modifiers  of 
fecundity.  Although  salinity  and  disease  are  widely  acknowledged 
as  major  influences  on  bioenergetics  of  oysters  they  are  poorly 
described  in  a  quantitative  sense  in  the  literature,  especially  so  for 
prevailing  salinities  in  the  upstream  extant  reefs  in  the  James. 
Continuing  efforts  to  develop  coordinated  bioenergetic  and  disease 
impact  models  (Powell  et  al.  1992.  1994.  Powell  et  al.  1996.  Hoff- 
mann et  al.  1995.  Ford  et  al.  1997)  do.  however,  offer  some  pros- 
pects for  progress  in  this  subject  in  the  near  future. 

Development  of  larval  production  estimates  from  fecundity 
values  in\  ol\  es  a  series  of  assumptions  concerning  synchrony  and 
completeness  of  spawning,  half  life  of  gametes  in  the  water  col- 
umn, dispersal  (effective  dilution)  of  those  gametes  during  that 
half  life  period,  and  probability  of  fertilization  given  absolute  con- 
centrations of  sperm  and  eggs.  Choice  of  an  appropriate  model  for 
the  current  application  reflects  a  continuing  and  diverse  debate  in 
the  literature.  Good  models  for  sessile  bivalves  are  absent,  but 
surrogates  can  be  garnered  from  the  echinoderm  and  annelid  lit- 
erature where  prevailing  small  scale  hydrodynamic  conditions  are 
similar  to  that  encountered  on  an  estuarine  oyster  reef.  In  addition 
to  the  model  used  here,  that  of  Levitan  (1991).  other  options  are 
discussed  by  Levitan  et  al.  (1991.  1992).  Oliver  and  Babcock 
( 1992a.  1992b).  Babcock  et  al.  (1994).  Benzie  et  al.  (1994).  Benzie 
and  Dixon  (1994).  and  Thomas  (1994).  Contrasting  models  of 
fertilization  are.  however,  offered  for  high-energy  environments 
like  the  surf  zone  (Denny  and  Shibata  1989)  but  are  considered 
inappropriate  here.  Note  that  the  current  data  are  for  a  model 
assuming  a  single,  simultaneous  spawning  of  the  entire  population. 
This  is  an  unlikely  event,  and  historical  data  from  both  direct 
examination  of  adult  oysters  (Mann  et  al.  1994)  and  temporal 
variation  in  settlement  (Haven  and  Fritz  1985)  indicate  more  than 
one  spawning  per  year  in  the  extant  populations.  Localized  syn- 
chrony in  spawning  is  highly  probable,  so  the  cumulative  effect  of 
these  events  approximates  in  magnitude  that  of  a  single  synchro- 
nized spawning  in  the  entire  populations.  Multiple  spawnings  (es- 


timated at  three  to  four  events  per  oyster  depending  on  annual 
temperature  and  salinity  patterns)  suggest  variability  in  cumulative 
production  over  a  spawning  season  within  an  order  of  magnitude 
interval  of  the  single  synchronized  event  estimate. 

The  importance  of  the  James  River  oyster  resource  has  been 
discussed  earlier,  and  was  the  stimulus  for  earlier  studies  of  larval 
dispersal  by  Ruzecki  and  Hargis  (1989).  Using  the  James  River 
Hydraulic  Model  at  the  Vicksburg.  Mississippi  laboratory  of  the 
U.S.  Army  Corps  of  Engineers.  Ruzecki  and  Hargis  effected  dye 
releases  to  simulate  oyster  spawning  at  six  locations  between  Point 
of  Shoals  and  Wreck  Shoal  (see  Figure  IB)  in  the  upstream  direc- 
tion and  below  Newport  News  Point  in  the  downstream  direction. 
After  periods  approximating  larval  development  (20-40  tidal 
cycles  were  employed)  all  releases  suggested  greatest  larval  con- 
centrations (settlement)  at  a  point  upstream  from  the  point  of  ori- 
gin with  the  exception  of  Point  of  Shoals  and  Wreck  Shoal  re- 
leases, both  of  which  show  general  consistency  with  the  current 
study  in  suggesting  that  while  dispersion  of  the  larvae  occurs  in 
both  upstream  and  downstream  directions,  the  region  of  greatest 
concentration  remains  in  the  upriver  portion  of  the  river  over  ex- 
tant oyster  beds.  This  consistency  is  further  emphasized  in  the 
detail  of  the  contours  Figure  ?<  of  Ruzecki  and  Hargis  ( 1989)  and 
Figure  5  of  this  study,  where  highest  predicted  concentrations  of 
settlement  occur  over  a  swath  of  extant  reefs  from  Lower  Deep 
Water  Shoal  through  Horsehead,  Moon  Rock,  V  Rock,  Point  of 
Shoals  and  Cross  Rock  (Numbers  2-9,  Figure  I  B). 

Spatial  agreement  of  observed  and  predicted  settlement  regions 
is  comforting,  but  there  remains  a  discrepancy  in  the  magnitude  of 
variation  observed  between  sites  in  the  t"ield,  where  two  orders  of 
magnitude  might  be  expected  between  the  highest  and  lowest  sites, 
and  that  suggested  bv  modeling  where  site  differences  are  consid- 
erably lower.  The  model  is  not  without  limitations.  Computational 
limitations  resulting  in  treatment  of  the  larval  releases  as  a  single 
pool  have  been  mentioned  earlier.  In  addition,  the  cell  size  used  in 
modeling  is  12  sec  x  15  sec,  approximating  to  a  160  x  160  m  cell 
size  at  the  latitude  and  longitude  of  the  study  site.  Even  though  this 
scale  incorporates  approximately  .^.000  cells  in  the  models  illus- 
trated in  Figures  4  and  5,  the  absolute  cell  size  remains  consider- 
ably larger  than  many  features,  notably  local  shell  aggregation, 
that  determine  spatial  elements  of  settlement  in  the  field.  Also,  to 
reiterate  an  earlier  comment,  the  effects  of  larval  behavior  within 
the  water  column  have  not  been  incorporated  extensively  into  the 
model,  even  though  they  may  be  important  (Mann  1988).  Finally, 
the  effects  of  absolute  values  and  variation  in  water  velocity, 
which  is  intimately  related  to  bottom  friction  in  the  shallow  re- 
gions and  influenced  by  bottom  microtopography  associated  with 
exposed  substrate  in  an  otherwise  uniform  bottom  of  sand  and 
mud.  on  the  settlement  process  are  poorly  understood. 

The  role  of  metamorphic  inducers  (Turner  et  al.  1994)  has 
recently  been  emphasized  for  oysters,  but  in  a  practical  sense  the 
availability  of  substrate  remains  a  very  critical  issue  in  the  James 
River.  The  once  formidable  three  dimensional  reef  structures  in  the 
upper  James  River  have  been  reduced  to  disparate,  two  dimen- 
sional patches  with  presence  or  absence  of  exposed  shell  substrate 
varying  on  a  scale  of  meters,  mostly  in  the  shallower  regions  of  the 
river.  The  serial  impact  of  limited  substrate  availability,  in  both  an 
absolute  sense  as  shell  per  unit  area  and  especially  after  correction 
for  fouling  occlusion,  underscore  the  long  term  impact  of  shell 
removal  on  a  decadal  scale  as  part  of  oyster  harvest  and  as  a  direct 
mining  operation  for  commercial  use.  The  calculations  of  Table 
5.1  and  5.2  argue  strongly  that  the  most  cost  effective  restorative 
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practice  for  oyster  populations  in  the  James  remains  the  timely 
appUcation  of  oyster  substrate  to  extant  reefs  immediately  before 
the  season  of  documented  settlement. 

A  complete  accounting  of  the  fate  of  progeny  from  a  single 
spawning  to  subsequent  maturity  is  not  complete  without  a  con- 
sideration of  predation  losses.  Relatively  little  is  known  of  preda- 
tion  losses  during  the  larval  phase,  and  in  the  present  study  this 
loss  is  subsumed  in  the  L„„„  calculation.  This  is  worthy  of  further 
examination.  Post  settlement  los.ses  are  subsumed  in  the  J,„„„ 
value.  Roegner  and  Mann  (199.5)  address  underlying  problems  of 
substrate  limitation  and  overgrowth  of  adjacent  individuals  in  such 
situations,  but  a  more  comprehensive  examination  of  predation 
(e.g.,  Eggleston  1990)  related  losses,  not  examined  as  a  field  com- 
ponent of  this  study,  is  required  to  complete  the  synthesis  from  one 
generation  of  spawning  individuals  to  the  next. 
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ABSTRACT  During  the  summer/early  fall  of  1997,  oysters  from  27  locations  in  Long  Island  Sound  were  collected  and  analyzed  for 
the  presence  of  Perkinsus  mariinis  to  determine  the  extent  of  the  recent  epizootic  in  this  area.  "Hot  spots"  of  Dermo  infection  occurred 
primarily  in  commercial  beds  in  the  we.stern  and  eastern  ends  of  the  Sound,  whereas  wild  oysters  collected  along  the  central 
Connecticut  shoreline  were  largely  uninfected.  Nearly  all  of  the  adult  oysters  (93%)  collected  from  Connecticut  sites  west  of  the 
Housatonic  River  were  infected  with  the  parasite  and  in  some  populations  (Greenwich  and  Westport)  the  infection  intensities  were 
heavy.  Effective  management  regulations  are  needed  to  check  the  spread  of  this  disease  before  it  escalates  here  as  it  has  in  other 
oyster-producing  regions  along  the  east  coast. 

KEY  WORDS:     Pi'ikinsiis  nuiriiuis.  Dermo.  prevalence.  Long  Island  Sound,  survey 


INTRODUCTION 

The  first  reported  cases  of  Perkinsis  inariniis  (Deniio)  in  oys- 
ters frotn  Long  Island  Sound  appeared  in  the  early  1990s  (Ford  and 
Tripp  1996).  Early  studies  to  understand  the  epizootiology  of  the 
disease  in  this  area  were  focused  on  the  western  end  of  Long  Island 
Sound,  where  Dermo  has  become  well-established  in  both  cultured 
and  wild  stock  (Brousseau  et  al.  1994.  Brousseau  194.5.  Brousseau 
1996).  The  e.xtent  and  degree  to  which  this  disease  has  spread 
throughout  the  entire  region,  however,  is  not  known. 

During  the  summer  and  early  fall  of  1997  we  conducted  an 
extensive  survey  of  oysters  from  27  locations  throughout  Long 
Island  Sound  to  determine  the  prevalence  and  intensity  of  P.  iiiari- 
nus.  This  investigation  was  intended  to  provide  (I)  the  information 
needed  to  assess  the  present  geographical  distribution  of  this  dis- 
ease in  Long  Island  Sound  and  (2)  baseline  information  against 
which  future  assessments  of  its  distribution  can  be  made.  The  data 
presented  here  represent  the  results  of  our  4.5-mo  .study. 

MATERIALS  AND  METHODS 

Oysters  {Crassostrea  virginica)  were  collected  from  a  total  of 
27  locations  along  the  Connecticut  and  New  York  shoreline.  The 
oysters  were  collected  from  June  through  October  1997.  A  Ma- 
gellan Trailblazer  XL  GPS  was  used  to  determine  geographic  lo- 
cations of  the  study  sites.  The  region  sampled  was  divided  into 
three  zones  based  on  longitude:  Zone  1  (sampling  sites  in  the 
towns  of  Oyster  Bay  and  Mt.  Sinai  in  NY  and  Greenwich,  Stam- 
ford. East  Norwalk.  Westport,  Southport,  Fairfield,  Bridgeport, 
and  Stratford  in  CT);  Zone  2  (sampling  sites  in  the  towns  of 
Milford,  West  Haven.  East  Haven,  Branford,  Madison,  Westbrook 
and  Old  Saybrook,  CT);  and  Zone  3  (sampling  sites  in  the  towns 
of  Waterford,  Stonington  and  Pawcatuck,  CT).  Sampling  locations 
and  site  descriptions,  sampling  date,  sample  sizes,  and  shell 
lengths  of  sampled  oysters  are  provided  in  Table  1 . 

More  intensive  sampling  was  carried  out  at  one  of  the  study 
sites.  From  May  through  September  1997.  25  adults  and  25  juve- 
niles from  the  1996  year-class  were  collected  twice  a  month  from 
Black  Rock  Harbor,  Bridgeport  and  diagnosed  for  the  presence  of 
P.  mariints. 


Tissue  diagnosis  of  P.  Duirinus  was  done  by  culture  of  rectal 
and  mantle  tissue  in  fluid  thioglycollate  medium,  as  described  by 
Ray  (1954).  Infections  were  scored  for  intensity  of  disease  by  use 
of  the  measure  originally  described  by  Mackin  (1962)  as  the 
weighted  incidence  and  later  renamed  weighted  prevalence 
(Ragone  and  Burreson  1994).  On  the  Mackin  Index,  scores  of 
0.5-1  indicate  light  infections,  scores  of  2-3  indicate  moderate 
infections,  and  scores  of  4-5  are  considered  heavy. 

RESULTS 

The  prevalence  and  intensity  of  P.  marinus  recorded  by  site  for 
all  oysters  sampled  are  shown  in  Table  1.  Ninety-three  percent  of 
all  adult  oysters  collected  from  Connecticut  sites  in  Zone  I  were 
infected  with  the  parasite.  The  weighted  prevalences  reported  for 
this  zone  varied  from  0  to  3.5,  but  overall  disease  intensity  was 
highest  in  the  Saugatuck  River.  Westport  oysters,  followed  by 
those  from  Indian  Harbor.  Greenwich  and  Calf  Pasture  Beach,  E. 
Norwalk.  In  Zone  2,  oyster  populations  west  of  East  Haven  were 
also  found  to  have  a  high  prevalence  of  Dermo  infection.  In  the 
eastern  end  of  Zone  2,  however.  P.  nnninus  prevalence  and  inten- 
sity dropped  dramatically.  Only  a  single  site  (Westbrook)  had 
infected  oysters  and  the  weighted  prevalence  was  low.  In  Zone  3, 
all  sites  had  infected  oysters  but  the  most  highly  infected  animals 
were  found  at  the  Thames  River  site,  where  a  weighted  prevalence 
of  3.1  was  reported  (Fig.  1). 

Parasite  infections  were  considerably  less  frequent  and  less 
intense  in  the  1996  year-class  oysters.  Disease  prevalence  was 
again  highest  in  oysters  from  Zone  I  (Calf  Pasture,  E.  Norwalk: 
68%:  Cove  Island,  Stamford:  44%),  but  over  all  zones  surveyed, 
weighted  prevalences  for  the  first-year  oysters  were  significantly 
lower  than  those  reported  for  adults.  Comparisons  of  disease  de- 
velopment among  adult  and  juvenile  oysters  at  the  Bridgeport  site 
indicate  that  the  prevalence  and  intensity  of  P.  marinus  infections 
among  the  juveniles  does  not  reach  adult  levels  until  the  end  of  the 
first  year  of  life  (Fig.  2). 

DISCUSSION 

In  the  7  or  so  years  since  its  first  reported  occurrence  in  Long 
Island  Sound.  Dermo  has  reached  epizootic  levels  in  the  western 
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TABLE  1. 
Prevalence  and  intensity  of  Perkinsus  marinus  in  oysters  from  all  sampling  sites. 


GPS  Position 

Sampling 

Sample 

Shell  length 

Prevalence 

Weighted 

Sampling  Site 

(  Lat/Lon) 

Date 

Size 

(mm) 

( % ) 

Prevalence 

Comments 

ZONE  1 

Indian  Harbor,  Greenwich,  CT 

41°00.9rN:  73°37.83'W 

06-25-97 

25 

52.3-195.3 

96 

3.22 

♦A+ 

Oyster  Bay,  Bayville,  NY 

40°54.30'N;  73°33.04'W 

07-09-97 

25 

54.3-78.2 

4 

0.04 

•  *■ 

Cove  Lsland,  Stamford,  CT 

41°03.15'N;  73"29.65'W 

09-08-97 

25 

51.6-100.4 

100 

2.67 

♦  ▲+ 

Cove  Island,  Stamford,  CT 

41°03.15'N;  73  =  29.fi5'W 

09-08-97 

25 

35.8-56.4 

44 

0.40 

♦  #+ 

Calf  Pasture  Beach,  Norwalk,  CT 

4r04.95'N;  73°23.80'W 

09-08-97 

25 

64.0-96.7 

96 

2.92 

♦  A+ 

Calf  Pasture  Beach,  Norwalk,  CT 

4I°04.95'N;  73°23.80'W 

09-08-97 

25 

28.0-51.7 

68 

0.72 

♦♦+ 

Saugatuck  River,  Westport.  CT 

4l''06,3rN;  73°22.66'W 

07-10-97 

25 

59.2-94.0 

100 

3.5 

♦▲+ 

Southport  Beach,  Southport,  CT 

41°07.34'N;  73°17.62'W 

07-02-97 

18 

62.8-95.5 

44 

0.78 

♦▲+ 

Sasco  Beach.  Fairfield,  CT 

41°07..S7'N;  73°17.23'W 

07-30-97 

24 

57.1-101.2 

100 

2.29 

♦  ▲+ 

Sasco  Beach,  Fairfield,  CT 

4r07.57'N;  73°17.23'W 

07-30-97 

25 

25.0-40.1 

8 

0.04 

♦  #+ 

Ash  Creek,  Bridgeport,  CT 

41'08.78'N;  73°13.94'W 

07-01-97 

28 

23.0-42.0 

11 

0.05 

♦  #+ 

Black  Rock  Harbor,  Bridgeport,  CT 

41°09.07'N;  73°13.42'W 

07-10-97 

25 

57.1-106.9 

100 

2.4 

♦  A+ 

Black  Rock  Harbor,  Bridgeport,  CT 

41°09.07'N;  73°I3.42'W 

07-10-97 

25 

26.8-46.0 

28 

0.03 

♦  ♦+ 

Natural  Beds,  Bridgeport,  CT 

41°09.0n'N;  73''12.00'W 

09-28-97 

25 

324-69.7 

92 

1.38 

•▲+ 

Long  Beach,  Stratford,  CT 

4r09.07'N;  73°08.53'W 

06-26-97 

25 

67.0-112.8 

96 

2.3 

♦▲+ 

Short  Beach,  Stratford,  CT 

41°09.4rN;  73°0&.57'W 

06-12-97 

25 

62.4-106.8 

88 

0.94 

♦▲+ 

ZONE  2 

Milford  Point,  Milford.  CT 

4r'l().47'N 

73''()6.0f)'W 

06-22-97 

25 

38,2-94.3 

96 

-)  1 

♦  ▲+ 

Gulf  Pond,  Milford,  CT 

41°12.83'N 

73°02.75'W 

08-09-97 

25 

59.8-152.8 

100 

3.18 

♦▲+ 

Gulf  Pond.  Milford,  CT 

41°12.83'N 

73°02.75'W 

08-09-97 

25 

26.1-57.0 

13 

0.23 

♦*+ 

East  Beach,  Mt.  Sinai.  NY 

40°57.7n'N 

73°n2.60'W 

06-07-97 

20 

51.5-92.6 

0 

0 

♦  ▲+ 

Oyster  River,  West  Haven.  CT 

4l=i4.24'N 

72 -59.1 3' W 

08-14-97 

25 

44.8-98.9 

42 

0.42 

♦  ▲+ 

Oyster  River.  West  Haven.  CT 

41°14.24'N 

72''59.I3'W 

08-14-97 

25 

56.0-119,6 

20 

0,1 

♦  *+ 

Boat  Ramp.  West  Haven,  CT 

41°16.12'N 

72°55.81'W 

08-14-97 

25 

25.1-52.1 

80 

1.56 

♦  ▲+ 

Morris  Creek,  East  Haven,  CT 

4I''15.00'N 

72'>53.75'W 

10-06-97 

25 

31.6-89.8 

100 

2.24 

♦A+ 

Branford  Point,  Branford,  CT 

41°15.60'N 

72°49.29'W 

06-25-97 

14 

78.4-135.8 

0 

0 

♦▲+ 

Limewood  Beach,  Branford,  CT 

41-15. 16'N 

72°48.47'W 

07-14-97 

13 

51.5-110.5 

0 

0 

♦A+ 

Stony  Creek,  Branford,  CT 

41°15.96'N 

72°45.06'W 

10-08-97 

25 

31.3-99.1 

80 

1.32 

♦▲+ 

Hammonasset,  Madison.  CT 

41'16.08'N 

72"34.2rw 

06-19-97 

39 

32.2-97.0 

0 

0 

♦  ▲+ 

Haninionasset,  Madison,  CT 

41°16.08'N 

72°34.21'W 

06-19-97 

35 

10.2-28.6 

14 

0.07 

♦  #+ 

Town  Beach.  Westbrook.  CT 

41°16.44'N 

72°27.77'W 

10-08-97 

25 

47.5-96.5 

32 

0.54 

♦  ▲+ 

Old  Saybrook.  CT 

41°16..30'N 

72  =  23.00'W 

07-30-97 

25 

70.5-153.2 

0 

0 

♦▲+ 

ZONE  3 

Thames  River.  Waterford.  CT 

41°25.49'N;  72'()5.71'W 

07-16-97 

25 

48.5-83.5 

100 

3.1 

•▲■ 

Mystic  River.  Stonington.  CT 

41°l9.0rN:  7r=.'i8.87'W 

07-16-97 

25 

57.6-129.1 

12 

0.7 

•  ▲■ 

Pawcatuck  River.  Pawcatuck.  CT 

41°2n.2()'N;  7r.'i().20'W 

10-16-97 

25 

51.-5-130.9 

100 

2.42 

•▲■ 

♦  =  Intertidal  sampling  site 

•  =  Subtidal  sampling  site 
A  =  Adult  oysters 

#  =  Juvenile  oysters  (1996-year  class) 
+  =  Wild  population 

■  =  Cultivated  population 


end  of  Long  Island  -Sound,  spreading  rapidly  and  affecting  many  of 
the  region's  oyster  populations.  Our  survey  was  undertaken  to 
document  this  epizootic  and  to  determine  the  e.xtent  to  which  this 
disease  has  spread.  This  one-time  sampling  effort,  however,  does 
not  provide  a  detailed  characterization  of  either  the  seasonal  or 
interannua]  cycles  of  infection  that  are  known  to  exist  for  this 
parasite.  The  data  presented  here  are  of  value  because  they  provide 
needed  baseline  information  against  which  future  assessments  of 
Dermo  disease  status  in  Long  Island  Sound  can  be  compared. 

Sample  collection  and  analyses  were  performed  during  the 
summer  and  early  fall,  a  lime  when  disease  intensity  in  Long 
island  Sound  is  climbing  toward  a  maximum  (Brousseau  1996) 
and  .sters,  if  parasitized,  should  exhibit  patent  infections.  The 
prevak  ice  data  collected  here  clearly  show  that  Perkinsus  manuiis 


has  become  well-established  in  many  oyster  populations  through- 
out Long  Island  Sound.  Dermo  "hot  spots"  were  found  along  the 
Connecticut  shore  at  both  the  western  and  eastern  ends  of  the 
Sound  (Figs.  1 ).  In  sharp  contrast,  a  large  number  of  the  oysters 
from  the  central  part  of  the  Connecticut  shoreline  (Zone  2)  were 
parasite  free.  Although  (he  possibility  exists  that  the  uninfected 
oysters  in  Zone  2  represent  highly  resistant  individuals,  it  seems 
more  likely  that  these  populations  either  have  not  yet  been  exposed 
to  infective  particles  or  that  they  have  not  been  exposed  to  con- 
centrations of  particles  high  enough  to  produce  an  infection. 

In  all  ca.ses  in  which  both  adult  and  first-year  oysters  were 
collected  from  the  same  site,  prevalences  and  weighted  preva- 
lences were  markedly  lower  in  the  juveniles.  Lower  infection 
prevalence  and  intensity  in  young  oysters  has  been  reported  in  the 


CoMPRBUKNSIVH  SlIRVKY  Ol-  LONG  ISLAND  SoUND  OYSTERS 


257 


ZONEl 


jRhode 
Island 

Wcslcrly 


BLOCK  ISLAND 
SOUND 


DISEASE  INTENSITY 

O  Uninfected 
^  Light  Infection 
^  Moderate  Infection 
^  Heavy  Infection 

Figure  1.  Map  showing  intensity  of  P.  marinus  infection  in  populations  of  oysters,  Crassostrea  virginica  from  Long  Island  Sound. 


past  (Andrews  and  Hewatl  1957),  but  the  reason  why  infection 
rates  in  nature  are  related  to  age  is  still  unknown.  It  has  been 
suggested  that  the  relatively  small  volume  of  water  filtered  by 
small  oysters  reduces  their  chances  of  encountering  infective 
agents.  This  is  supported  by  the  fact  that  when  young  oysters  are 
exposed  to  high  dosages  of  infective  stages,  they  can  become  as 
heavily  infected  as  adults  (Ray  1987,  Andrews  and  Ray  1988).  In 
the  Bridgeport  population  that  was  sampled  repeatedly  over  5  mo, 
it  took  appro.ximately  1  y  after  settlement,  for  intensity  levels 
comparable  to  those  found  in  the  adult  oysters  to  develop  in  the 
young. 


Andrews  (1988)  reported  that  oyster  mortality  occurs  in  indi- 
viduals when  infection  intensity  reaches  5.0  on  the  Mackin  scale. 
Populations  with  a  weighted  prevalence  ( W.P.)  of  3.0  or  higher  can 
be  expected  to  experience  50-75%  annual  mortality,  and  even  a 
rating  of  1 .0  or  more  can  be  expected  to  cau.se  .some  deaths  in  an 
affected  population  (Ray  and  Chandler  1955,  Mackin  1961. 
Mackin  and  Hopkins  1961 ).  Epizootic  mortalities  were  observed  in 
the  Thames  River  population  this  summer  (Brousseau  unpubl.).  In 
1996  a  large  mortality  event  was  reported  for  a  commercial  oyster 
bed  in  Greenwich  (exact  location  not  reported),  and  although  the 
cause  was  not  conclusively  identified  at  the  time,  indications  were 
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Figure  2.  Comparisons  of  P.  marinus  prevalence  and  weighted  prevalence  (error  bars  indicate  standard  errors)  in  adult  and  juvenile  (1996-year 
class)  oysters  from  Black  Rock  Harbor  collected  from  May  through  September  1997. 
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that  the  oyster  die-off  was  attributable  to  P.  mariims  infections. 
The  high  weighted  prevalences  reported  this  summer  (1997)  for 
the  Greenwich  and  Westport  sites  studied  here  suggest  that  oyster 
mortalities  may  have  occurred  there  as  well,  although  none  were 
documented.  As  more  information  on  the  status  of  this  disease 
becomes  available  it  is  becoining  increasingly  clear  that  the  po- 
tential exists  for  heavy  oyster  mortalities  in  the  Sound. 

The  fact  that  the  oyster  populations  studied  here  had  differing 
age  structures,  were  subject  to  varying  environmental  factors  and 
experienced  different  degrees  of  disturbance  (see  Comments, 
Table  1)  makes  it  difficult  to  explain  the  observed  distribution 
pattern  of  Dermo  based  on  these  data  alone,  but  they  suggest  that 
there  may  be  some  links  to  commercial  oystering.  Oyster  fanning 
is  performed  on  a  large  scale  in  Connecticut  waters  west  of  New 
Haven  and  in  some  of  the  tidal  rivers  of  eastern  Connecticut.  All 
of  the  oysters  collected  for  this  study  from  the  eastern  end  of  the 
Sound  were  dredged  from  commercial  beds.  Most  of  the  oysters 
collected  from  intertidal  areas  in  the  western  Sound  were  found 
unattached  and  likely  had  been  washed  up  from  adjacent  subtidal 
commercial  beds  by  waves  and  storms.  In  the  central  part  of  the 
State,  on  the  other  hand,  oysters  were  found  firmly  attached  to  the 
substrate  where  they  existed  as  part  of  small,  isolated,  wild  popu- 
lations, often  occupying  marginal  environments. 

The  higher  infection  rates  among  the  "cultured"  oyster  popu- 
lations studied  here  suggests  that  practices  associated  with  com- 
mercial oystering  may  be  a  factor  in  the  spread  and  intensification 


of  the  disease.  This  is  not  surprising  because  Dermo  infections  can 
be  transmitted  through  the  release  of  parasites  into  the  water  fol- 
lowmg  the  disintegration  of  dead  infected  oysters  (Andrews  and 
Hewatt  1957).  release  of  infective  particles  through  the  gut  of  live 
oysters  (Dungan  and  Roberson  1993)  and  release  of  infective 
agents  through  oyster  fecal  material  (Bushek  et  al.  1994).  Oyster 
farming,  which  in  many  cases  involves  high-density  cultivation 
and  the  transplanting  of  oysters  between  seed,  grow-out  and  depu- 
ration beds  provides  optimal  conditions  for  fostering  and  sustain- 
ing this  parasitic  infection. 

One  of  the  more  important  outcomes  of  this  study  has  been  the 
identification  of  wild  oyster  populations  that  seem  to  be  Dermo- 
free.  If  measures  are  not  taken  to  protect  remaining  uninfected  wild 
stock,  however,  this  epizootic  will  likely  continue  to  spread  in 
Long  Island  Sound.  Now  is  the  time  to  take  steps  to  develop 
effective  management  regulations  for  the  protection  of  this  re- 
source before  the  disease  escalates  here  as  it  has  in  other  oyster- 
producing  regions  along  the  east  coast. 
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POLYDORA  SP.  INFESTATION  AND  HEALTH  OF  THE  PACIFIC  OYSTER  CRASSOSTREA 
GIGAS  CULTURED  IN  BAJA  CALIFORNIA,  NW  MEXICO 


JORGE  CACERES-MARTINEZ,* 
PATRICIA  MACIAS-MONTES  DE  OCA,  AND 
REBECA  VASQUEZ-YEOMANS 

Lahoratoho  de  Patologia  de  Mohiscos  del  Departamento  de  Actiiailliira, 
Centra  de  Investigacic'm  Cientifica  y  de  Educacion  Superior  de  Ensenada. 
Km.  107  Carret.  Tijuana- Ensemida  Apdo.  Postal  2732.  2800.  Ensenada. 
Baja  California.  Mexico 

ABSTRACT  The  culture  of  the  Oyster  Crassoslrea  f>ifias  Thunberg  is  the  most  important  aquacuhure  activity  in  the  state  of  Baja 
Cahfomia.  NW  Mexico.  Its  production  is  obtained  from  Bahi'a  Falsa,  at  South  of  the  state,  reaching  2,500  metric  tons  per  year  and  is 
sold  in  national  and  international  markets.  However,  there  is  a  lack  of  information  on  commensals  and  parasites  affecting  cultured 
oysters.  A  survey  of  worm  bhster  on  the  inner  valves  of  cultured  oysters  was  performed  from  May  1996  to  April  1997,  Two  locations 
were  sampled:  the  outer  and  inner  areas  of  the  bay.  at  three  depths.  Direct  counts  of  worm  blisters  and  quantification  of  the  area 
occupied  by  worm  blisters  on  the  inner  valves  were  used  as  evaluation  methods.  The  burrowing  worm  belonged  to  the  genus  Polydora 
(Polichaehi:  Spionidae).  Its  prevalence  was  higher  in  oysters  from  the  outer  relative  to  the  inner  locations,  and  was  also  higher  in 
oysters  placed  near  the  substrate  relative  to  those  near  the  surface  of  the  water.  There  was  a  trend  of  lower  condition  index  and  higher 
mortality  in  oysters  placed  near  the  muddy  bottom.  The  placement  of  culture  oysters  away  from  the  bottom  and  expcsed  to  air  during 
low  tides  may  reduce  the  prevalence  of  Polydora  sp.  and  oyster  mortality. 

KEY  WORDS:     Crcssoslren  gigiis,  Polydora  sp.  burrowing  worms,  worm  blisters,  parasitology,  mortality. 


INTRODUCTION 

The  Pacific  oyster  Cnissostrea  giga.s  Thumberg  was  introduced 
in  Bahi'a  Falsa  (200  km  south  of  Ensenada  city)  Baja  California  in 
1972  for  culture  purposes  (Rangel-Davalos,  1990)  (Fig.  1).  The 
culture  technique  introduced  originally,  using  floating  rafts,  was 
suddenly  abandoned  and  a  new  technique  using  wood  fraines  lo- 
cally named  "racas""  was  developed.  Nylon  ropes  of  150  cm  in 
length  with  attached  oysters  (named  "sartas")  are  suspended  from 
the  racas  (Fig.  I).  At  present,  10  private  companies  culture  Pacific 
oysters  using  this  method.  Production  averages  2.500  metric  tons 
per  year;  oysters  are  sold  in  Mexico  and  the  United  States  and  were 
valued  at  2.5  million  US  dollars  in  1995.  In  spite  of  the  increasing 
importance  of  this  culture,  no  studies  on  parasites  and  commensals 
of  the  Pacific  oyster  cultured  in  Bahi'a  Falsa  have  been  conducted. 
Oyster  culturists  have  observed  the  presence  of  burrowing  worms 
(blister  worms)  in  the  inner  valves  of  oysters  with  increased  preva- 
lence during  the  summer-autumn  seasons.  An  increase  in  mortality 
has  also  been  observed  during  these  seasons.  However,  burrowing 
worm  infestations  in  relation  to  mortality  has  not  been  assessed. 
Burrowing  worms  from  the  genus  Polydoni.  have  been  associated 
with  oyster  stunting,  general  weakening,  poor  condition  and  in- 
creased mortality  (see  review  by  Lauckner,  1983). 

The  objectives  of  the  present  study  were:  to  identify  the  bur- 
rowing worms  from  the  inner  valves  of  Crassostrea  gigas  cultured 
in  Bahi'a  Falsa,  Baja  California;  to  document  its  infestation  level 
using  two  different  methods  at  different  places  and  depths;  to 
assess  its  relationship  with  both  oyster  condition  index  and  mor- 
tality in  the  culture  area;  and  to  suggest  management  alternatives 
for  its  control, 

MATERIALS  AND  METHODS 

The  study  was  carried  out  in  Bahi'a  Falsa,  Baja  California, 
Mexico  from  May  1996  to  April  1997  (monthly  samplings).  Two 


localities,  "Agromarinos"  in  the  outer  area  of  the  bay  and  "Al- 
fonsos,"  in  the  inner  area  of  the  bay  were  sampled  (Fig.  I ).  In  each 
locality,  one  or  two  sartas  carrying  from  30  to  50  commercial  size 
oysters  were  collected  from  the  racas  (mean  total  shell  length, 
12.73  mm  ±  6.6  in  Agromarinos,  mean  total  shell  length,  10.95 
mm  ±3.1  in  Alfonsos).  The  sartas,  of  about  1 50  cm  in  length,  were 
divided  into  50  cm  sections:  upper,  middle,  and  lower  levels  (Fig. 
1).  Approximately  10-20  oysters  from  each  level  were  grouped 
separately  for  analysis.  In  Agromarinos  the  upper  and  middle  lev- 
els of  the  sarta  are  exposed  to  air  during  low  tides,  and  the  lower 
level  of  the  sarta  is  always  under  water  and  never  touches  the 
bottom.  In  Alfon.sos  the  entire  sarta  is  exposed  to  the  air  during  low 
tides  and  the  end  of  the  sarta  touches  the  bottom  on  some  occa- 
sions. During  samplings,  temperature  (°C)  and  salinity  (ppt)  in 
each  locality  were  recorded  with  a  conventional  sea  water  ther- 
mometer and  refractometer,  respectively. 

Live  oysters  were  counted  every  month  and  after  removing  all 
fouling  organisms  with  a  brush  and  a  jet  of  sea  water,  oysters  from 
each  level  were  measured  (maximum  axis  as  total  length)  and 
weighted  (total  wet  weight.  TW).  Oysters  were  opened  and 
checked  for  worm  blisters,  worms  were  carefully  extracted  from 
the  blister  with  the  aid  of  a  needle,  and  preserved  in  70%  ethanol. 
The  identification  was  performed  with  the  aid  of  specialized  keys 
(Light  1978  and  Blake  1993).  The  wet  meat  weight  (MW)  and 
shell  weight  (SW)  were  also  recorded  in  order  to  obtain  a  condition 
index  (Aguirre  1979): 


CI 


MW 


(TW-SW) 


X  100 


*Author  to  whom  all  correspondence  should  be  sent. 


This  CI  takes  into  account  the  relation  of  meat  and  water  in  the 
palial  cavity,  lower  values  indicate  more  water  than  meat  inside  the 
shell  (poor  condition).  Furthermore,  the  use  of  this  CI  allowed  the 
preservation  of  the  oyster  flesh  for  histological  studies.  Prevalence 
was  defined  as  the  number  of  infested  oysters  per  number  of  oys- 
ters examined  times  100.  Prevalence  was  estimated  from  the  inner 


259 


260 


Caceres-Martinez  et  al. 


Figure  1.  Map  showing  the  study  sampling  sites  in  Bahia  Falsa,  Baja  California,  Mexico.  The  oyster  culture  wood  frames  locally  named  "racas" 
and  the  nylon  ropes  where  the  oysters  are  placed  named  "sartas"  are  shown.  Oysters  from  the  sarta  were  separated  into  three  levels:  upper, 
middle  and  lower. 


shells  (both  valves  from  each  oyster)  following  two  methods;  1 ) 
counting  the  number  of  worm  blisters  placed  in  the  inner  shells  of 
each  oyster,  2)  estimating  the  area  of  each  worm  blister  using 
aluminum  fold  mouldings  in  the  inner  shell  of  each  oyster  and  the 
area  of  each  entire  inner  shell  surface.  Aluminum  folds  were  made 
to  conform  to  the  shape  of  worm  blisters  and  the  inner  shell  sur- 
face. The  folds  were  carefully  cut  and  weighed.  Pieces  of  alumi- 
num folds  from  5  to  25  mm"  were  weighed,  to  obtain  a  linear  least 
square  regression  equation  [aluminum  area  (mm")  =  10.9044  -i- 
L^.^.077  (wt.  mg).  r-  =  0.91,  n  =  40].  Then  the  area  of  the  surface 
of  inner  oyster  shells  and  blisters  was  calculated  by  using  the 
weight  obtained  from  the  aluminum  mouldings  obtained.  Mean 
prevalence  was  conelated  by  linear  regression  with  the  obtained 
CI  of  oysters  from  different  levels.  Mortality  was  assessed  by 
counting  the  number  of  empty  shells  from  each  sarta  level  every 
inonth,  values  showed  cumulative  mortality  at  each  sarta  level  in 
the  corresponding  sampling  month. 

Differences  between  prevalence  per  locality  were  assessed  by  a 
non-parametric  Mann-Whitney  test.  Student's  ^te,sts  were  used  to 
compare  significant  differences  between  oy.ster  mortality  from 
Aeromarinos  and  Alfon.sos.  Salinity  and  temperature  were  also 
compared  with  this  statistical  test.  Condition  index  differences 


between  locality,  month  and  le\el  of  the  sartas,  were  evaluated 
with  a  nested  ANOVA. 

RESULTS 

The  burrowing  worm  found  in  C.  gif;as  was  clearly  identified 
as  a  Spionidae  polichaete  of  the  genus  Polydora  (see  Light  1978 
and  Blake  1993).  However,  its  morphological  characteristics  were 
different  than  those  described  for  any  species  belonging  to  this 
genus.  Specific  taxonomic  studies  are  being  performed  to  deter- 
mine whether  this  is  a  new  species.  The  worm  was  found  forming 
"u"  channels  and  only  one  worm  per  channel  was  found.  The  size 
of  the  worms  varied  from  0.5  mm  to  10.4  mm  of  total  length. 
Worm  blisters  were  more  abundant  near  the  valve  edges  and  they 
were  more  abundant  in  the  right  valve  than  in  the  left  valve,  76% 
in  Alfonsos  and  77%  in  Agromarinos.  The  areas  occupied  by 
worm  blisters  and  their  relation  with  inner  valve  areas  is  shown  in 
Table  1.  One  single  worm  blister  may  range  from  1 .2  to  4.2  mm", 
occupying  from  0.18  to  0.96%  of  the  host  valve.  On  three  occa- 
sions wide  water  blisters  were  found  (approximate  area  9.7  mm"); 
however,  worms  were  not  found  inside  these  tubes. 

The  relationship  between  CI  and  blister  number  and  total  blister 
area  per  oyster  is  shown  in  Fig.  2.  No  correlation  was  observed 
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TABLE  1. 

Areas  occupied  by  norm  blisters  and  inner  shell  surfaces  of 
the  oysters. 


Agromarinos 

Total 

Blister 

occupation 

area 

Valve  area 

Occupation 

(both  valves  1 

mm" 

mm^ 

(%) 

C^) 

Left  valve 

2.66-4.58 

391.96-819.9 

0.44-0,77 

Right  valve 

2.68-4.20 

267.70-589.45 
Alfonsos 

0.26-(196 

0.1 6- 1. 02 

Left  valve 

1.05-2.95 

280.09-641.35 

0.42-0.88 

0.13-0.81 

Right  valve 

1 .22-3.45 

248.24-454.91 

0.18-0.66 

between  the  CI  and  either  blister  number  or  blister  area.  A  com- 
parison among  the  CI  of  oysters  from  both  sites  and  depths  during 
the  study  period  indicated  that,  the  CI  was  higher  in  oysters  from 
Agromarinos  than  in  oysters  from  Alfonsos  |F(  1.789)  —  37.75.  p 
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<  0.001 1.  Throughout  the  sampling  period  the  CI  of  the  oysters 
from  the  two  sampled  sites  was  variable  |F(20.789)  =  9.36.  p  < 
0.001]  (Fig.  3).  In  Agroinarinos.  low  mean  CI  and  high  mud  worm 
prevalence  (see  below)  were  recorded  in  July  (Figs.  3A  and  4A). 
In  Alfonsos,  high  mean  CI  and  high  mud  worm  prevalence  (see 
below)  were  recorded  in  June  (Figs.  3B  and  4B).  In  both  localities, 
the  CI  was  related  with  depth.  In  general,  low  values  were  re- 
corded in  oysters  from  the  lower  sarta  level  [F(44,789)  =  3.1.  p  < 
O.OOl]. 

In  Agromarinos,  the  highest  worm  prevalences  were  recorded 
from  June  to  August,  the  lowest  prevalences  were  recorded  in 
November  and  December  1996  and  April  1997  (Fig.  4A).  Poly- 
dorci  sp.  prevalences  were  higher  in  the  lower  than  in  the  middle 
and  upper  sarta  levels.  The  number  of  worms  per  host  varied  from 
one  to  si,\  and  the  highest  values  were  recorded  in  the  lower  level 
between  June  and  September  (Table  2). 

In  Alfonsos,  the  highest  prevalence  was  observed  in  June  and 
the  lowest  prevalences  were  recorded  in  October  and  December 
1996.  The  highest  prevalence  of  infestations  was  observed  in  the 
lower  level  relative  to  the  other  levels  (Fig.  4B).  The  number  of 
worms  per  host  varied  from  one  to  three,  and  the  highest  numbers 
were  observed  in  June  in  the  lower  level  (Table  2).  Prevalence  was 
higher  in  Agromarinos  than  in  Alfonsos  (Mann-Whitney  test,  T  = 
908.  p<0.01). 

In  Agromarinos,  the  highest  mortalities  were  recorded  in  July 
1996  and  March  1997.  There  was  a  trend  of  higher  mortality  in  the 
lower  and  middle  levels,  but  not  in  the  upper  level  of  the  sarta  (Fig. 
.5A).  In  Alfonsos,  the  highest  mortalities  were  observed  in  Febru- 


A     Agromarinos 


M       J        J       :\       S       O      N       D       J        F       M      A 


B     Alfonsos 


Levels 
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Figure  2.  Relationship  betv\een  blister  number  and  oyster  condition 
index  (A)  and  between  blister  area  and  oyster  condition  index  (B). 
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*  No  data  available 

Figure  3.  Polydora  sp.  prevalence  at  three  depths  (levels)  in  the  two 
sampling  sites,  (A)  Agromarinos.  in  the  outer  area  of  the  Bahia  Falsa 
and,  (Bl  .\lfonsos  in  the  inner  area  of  the  Bahia  Falsa,  Baja  California, 
Mexico. 
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*  No  data  available 
Figure  4.  Crassnstrea  gigas  Condition  Index  (CI)  at  three  depths  (lev- 
els) in  the  two  sampling  sites,  (A)  Agromarinos,  the  outer  area  of  the 
Bahi'a  Falsa  and,  (B)  Alfonsos  in  the  inner  area  of  the  Bahia  Falsa, 
Baja  California,  Mexico. 


*  No  data  available 


Figure  5.  Crassostrea  gigas  mortality  at  three  depths  (levels)  in  the  two 
sampling  sites,  (A)  Agromarinos,  the  outer  area  of  the  Bahia  Falsa  and, 
(B)  Alfonsos  in  the  inner  area  of  the  Bahia  Falsa,  Baja  California, 
Mexico. 


ary  and  March  1997.  The  highest  monalities  were  observed  in  the 
lower  level  (Fig.  5B).  Mortality  was  higher  in  Agromarinos  than  in 
Alfonsos  (?  =  2.54,  p  <  0.05).  There  were  no  significant  differ- 
ences between  mean  temperature  and  salinity  from  both  sample 
sites  and  their  values  exhibited  similar  monthly  variations  (f-test,  p 
>  0.05)  (Fig.  6). 

TABLE  2. 

Range  of  numbers  of  Polydora  sp.  per  oyster,  Crassostrea  gigas. 

from  sarta  levels  and  localities  during  the  study  period 

(*no  data  available). 


Sarta 
level 

Agromari 

nos  (outer  locality) 

Alfon.sos  (inner 

locality) 

Upper 

Middle 

Lower 

Upper 

Middle 

Lower 

1996 

March 

0 

0 

0-2 

0-0 

0 

0 

June 

0-1 

0-2 

0-4 

0-1 

0-1 

0-3 

July 

0-0 

0-4 

0-6 

0 

0-1 

0-1 

August 

0-3 

0-2 

0-3 

0 

0-1 

0-1 

September 

0-4 

0-3 

0-4 

0 

0 

0-1 

October 

0-1 

0 

0-1 

0 

0 

0 

November 

0 

0 

0 

0-1 

0 

0 

December 

0 

0 

0 
1997 

0 

0 

0 

laiiuary 

1-2 

0-1 

1-3 

0 

1-2 

0 

February 

0 

0-1 

0 

0 

0 

0 

March 

0 

0 

0 

0 

0 

0 

April 

0 

0 

0 

+ 

* 

* 

DISCUSSION 

Some  spionid  polychaete  species  from  the  genus  Polydora. 
bore  into  the  shells  of  several  bivalve  mollusks  including  oysters, 
clams,  and  mussels.  These  hosts  cover  the  worms  with  semitrans- 
parent  shell  material  (conchiolin  covered  with  nacre),  the  forma- 
tion is  called  a  worm  blister  (Korringa  1951).  Some  worm  blisters 
are  wider  than  others,  theoretically,  the  construction  of  a  wide 
blister  requires  more  energy  from  the  host  than  the  construction  of 
a  narrow  one.  In  consequence,  the  determination  of  the  blister  area 
and  its  relation  with  the  CI  of  the  host  could  be  a  better  measure- 
ment of  the  effect  of  the  worm  on  the  host  than  counting  the 
number  of  blisters.  In  accordance  with  Lauckner  (1983),  a  signifi- 
cant reduction  of  available  shell-cavity  volume  attributable  to  blis- 
ters interferes  with  the  general  physiology  of  oysters.  However,  in 
the  present  study,  the  calculation  of  blister  area  and  its  relation 
with  the  CI  of  the  host  were  similar  to  the  blister  number  in 
assessing  the  effect  of  the  worm.  This  could  be  related  with  the  low 
intensity  of  infestation  recorded  in  this  study,  the  maximum  num- 
ber of  worms  per  oyster  was  six.  In  contrast,  more  than  .30  worms 
per  oyster  have  been  found  in  other  studies  (see  Lauckner  1983). 
In  oysters  of  low  infestations,  the  effect  of  burrowing  worms  may 
be  difficult  to  detect  using  gross  indicators  such  as  the  CI;  a  finer 
physiological  comparison  may  be  more  effective  in  determining 
effects  (i.e..  filtration  rates).  Thus,  the  relationship  between  the 
blister  area  and  the  CI  of  the  host,  in  comparison  to  the  relationship 
of  blister  number  and  condition  index  of  the  host,  must  be  assessed 
in  heavily  infested  bivalves.  Variability  in  the  CI  from  both  study 
sites  may  be  related  to  the  season  (food  availability)  and/or  repro- 
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Figure  6.  Temperature  i'C)  and  salinity  Ippt)  fluctuations  in  the  two 
sampling  sites,  (A)  Agromarinos,  the  outer  area  of  the  Bahia  Falsa  and, 
(B)  Alfonsos  in  the  inner  area  of  the  Bahia  Falsa,  Baja  California, 
Mexico. 

ductive  stage.  The  higher  CI  observed  in  oysters  from  Agromari- 
nos (outer  bay)  than  those  from  Alfonsos  (inner  bay)  could  be 
related  to  differential  food  availability.  Lara-Lara  and  Alvarez- 
Borrego  (1975).  Millan-Nuiiez  et  al.  (1982)  and  Gonzalez  (1997) 
found  that  chlorophyll  a  was  more  abundant  in  the  outer  than  in  the 
inner  part  of  Bahia  Falsa.  In  both  localities,  the  CI  was  better  in 
oysters  from  the  upper  level  than  the  CI  of  oysters  from  the  middle 
and  lower  levels  of  the  sarta.  This  suggests  that  the  placement  of 
oysters  near  the  bottom,  in  the  sites  studied  here,  may  be  inappro- 
priate. 

If  the  infestation  of  organisms  like  Polydora  sp.  depends  on  a 
chance  encounter  between  the  worm  and  the  host  (Gee  and  Davey, 
1986;  Robledo  et  al.,  1994),  one  reason  for  the  gradient  of  most 
infested  oysters  in  the  lower  than  in  the  upper  sartas,  could  be  the 
major  exposure  time  of  the  host  to  the  worm  in  permanently  sub- 
merged conditions  of  oysters  placed  in  the  sarta  near  the  bottom. 
Air  exposure  may  also  be  important  for  the  survival  of  the  worm. 
Ramirez  Filippini  et  al.  (1987)  examined  Crassostrea  gigas  cul- 
tured using  plastic  mesh  bags  placed  in  the  intertidal  zone  and 
observed  that  the  number  of  blisters  was  lower  than  in  those  cul- 
tured under  permanently  submerged  conditions.  In  fact,  oyster 


growers  have  found  that  air  exposition  of  oysters  during  low  tides 
is  a  natural  way  of  controling  fouling  organisms;  this  has  been 
corroborated  in  studies  on  C.  gigiis  cultured  in  the  intertidal  zone 
(Caceres-Martinez  and  Garcia-Bustamante  1987).  In  Alfonsos.  the 
sartas  are  entirely  exposed  to  air  during  the  lowest  tides,  whereas 
in  Agromarinos  the  lower  level  of  the  sartas  is  always  underwater. 
These  differences  in  aerial  exposure  may  explain  the  observed 
differences  in  prevalences  of  Polydora  sp. 

Mortality  was  not  related  lo  the  presence  of  the  Polydora  sp.. 
only  two  dead  oysters  showed  worm  blisters  covered  with  a  gross 
shell  secretion  and  without  a  worm.  However,  mortality  was  re- 
lated with  depth.  Detritus  produced  by  the  oysters  has  resulted  in 
a  muddy  bottom  where  organic  degradation  is  common  (Villareal- 
Chavez  1993).  These  conditions  may  be  detrimental  to  oyster 
growth  and  survival.  The  Alfonsos  culture  area  is  located  near  a 
tide  channel  were  the  water  current  is  fast  and  may  favor  renewal 
or  exchange  of  water  near  the  bottom  (Gosline  and  Stewart  1962). 
In  contrast,  Agromarinos  is  located  near  beds  of  sea  grass  {Zostera 
marina  L.).  where  water  exchange  is  low  (Gosline  and  Stewart 
1962).  The  high  cumulative  mortality  values  recorded  suggest  that 
further  studies  are  necessary  to  determine  its  causes.  Salinity  and 
temperature  have  been  reported  as  the  primary  factors  for  deter- 
mining the  abundance  of  Polydora  sp.  (Lauckner  1983).  In  the 
present  study,  these  factors  were  similar  in  both  sampling  sites  and 
the  lower  prevalence  values  occurred  simultaneously  with  low 
temperatures. 

From  our  observations,  we  can  suggest  oyster  growers  to  place 
racas  in  areas  where  the  entire  sartas  remain  exposed  to  air  during 
low  tides  and  to  avoid  locating  oysters  close  to  the  bottom.  Oysters 
reared  in  this  manner  had  low  prevalences  of  Polydora  sp.  and 
experienced  low  mortality  relative  to  those  reared  under  perma- 
nently submerged  conditions.  Further  studies  are  required  to  de- 
termine optimal  durations  of  air  exposure  during  low  tides. 

Polydora  sp.  control  is  not  only  important  because  of  the  pos- 
sible negative  effect  on  the  CI,  it  is  also  important  for  marketing. 
Worm  blisters  may  affect  the  half-shell  presentation,  which  is  the 
most  important  market  for  oyster  producers  of  Baja  California. 
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influencp:  of  climate  chance  on  interannual  variation  in  population 
attributes  of  gulf  of  mexico  oysters 
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.\BSTIHCT  Gulf  of  Mexico  oysters  were  sampled  each  winter  for  8  y  ( 1986  to  199,^)  as  part  of  the  National  Status  and  Trends 
Mussel  Watch  Program.  Each  oyster  was  analyzed  for  the  prevalence  and  infection  intensity  of  the  oyster  pathogen  Perkin.m.s  muriims. 
condition  index,  length,  sex.  and  reproductive  stage.  Interannual  variation  occurred  in  each  of  these  biological  variables.  In  some  cases, 
interannual  variation  was  produced  by  changes  in  local  environmental  conditions.  In  other  cases,  larger-scale  climatic  phenomena  were 
implicated.  Reproductive  stage,  length.  P.  marinus  infection  intensity,  and  condition  index  showed  concordant  yearly  shifts  (simul- 
taneous shifts  of  equivalent  direction)  in  populations  from  bays  as  far  apart  as  500  to  s=  1000  km.  No  concordant  changes  were  observed 
for  sex  ratio  and  P.  marinus  prevalence.  Prevalence  and  sex  ratio  are  less  affected  by  key  climatic  variables  such  as  temperature  and 
rainfall  (salinity)  than  are  the  others  and.  so.  are  somewhat  insulated  from  climate  change.  Interannual  variations  in  oyster  populations 
m  some  regions  of  the  Gulf  were  chiefly  produced  by  interannual  variations  in  climate,  whereas,  in  other  areas,  populations  were  more 
heavily  influenced  by  variations  in  the  local  environment.  Sex  ratio  and  P.  imiriiiKS  prevalence  showed  concordant  temporal  trends  in 
southern  Texas  and.  for  prevalence,  southern  Flonda,  but  not  in  the  northern  Gulf.  Length  vaned  concordantly  only  in  the  northwestern 
Gulf  region.  P.  marinus  infection  intensity,  condition  index,  and  reproductive  stage  were  concordant  in  the  northern  Gulf  from  north 
Texas  to  northern  Florida.  Length,  condition  index,  reproductive  stage  and  P.  marinus  infection  intensity  were  characterized  by  strong 
concordancy  in  interannual  variations  in  the  period  1986  to  1990.  when  a  strong  El  Nino/La  Nina  shift  occurred,  and  weak  concordancy 
in  the  period  1990  to  1993.  during  a  period  characterized  by  weak  climatic  shifts,  suggesting  that  regional  concordancy  in  interannual 
variations  of  biological  variables  in  Gulf  of  Mexico  oyster  populations  may  originate  from  the  intluence  of  strong  El  Nifio/La  Nina 
climatic  shifts. 


INTRODUCTION 

Environmental  factors  such  as  temperature  and  salinity  exert  an 
overriding  influence  on  the  health  and  productivity  of  oyster  popu- 
lations, directly  as  they  affect  processes  such  as  filtration  rate, 
respiration,  and  reproduction  (Powell  et  al.  1992b.  Powell  et  al. 
1994.  Hofmann  et  al.  1994.  Kobayashi  et  al.  1997)  and  indirectly 
as  they  affect  the  abundance  and  feeding  rate  of  predators  (Car- 
riker  1955,  Stickle  1985:  Powell  et  al.  1997)  and  the  dynamics  of 
disease  (Hofmann  et  al..  1995;  Powell  et  al.,  1996;  Cook  et  al. 
1998).  Climatic  cycles,  by  varying  temperature,  rainfall,  and  river 
runoff,  can  be  expected  to  exert  a  long-term  intluence  on  popula- 
tion productivity.  The  productivity  of  oyster  populations  has  been 
related  to  changes  in  climate  (Ulanowicz  et  al.,  1980,  Chatry  et  al.. 
1983.  Allen  and  Turner.  1989).  Long-term  climatic  cycles,  such  as 
El  Nino/La  Nina  excursions,  have  been  implicated  in  the  distribu- 
tion and  intensity  of  Perkinsiis  marinus  disease  of  oysters  in  the 
Gulf  of  Mexico  (Powell  et  al.,  1992a). 

According  to  Wilson  et  al.  (1992),  climatic  factors  may  be 
more  important  in  some  regions  than  others  and  the  health  of 
oyster  populations  may  indirectly  affect  temporal  trends  by  medi- 
ating the  response  to  climate.  Small  changes  in  climate  can  interact 
with  sensitive  components  of  oyster  physiology  to  produce  large 
changes  in  productivity  or  health.  For  example,  the  relative  rate  of 
parasite  cell  division  and  oyster  somatic  growth  can  determine  the 
course  of  disease.  Small  changes  in  temperature  or  salinity  change 
the  relative  rates  of  parasite  cell  division  and  oyster  growth  (Pow- 
ell et  al.  1996).  If  the  rate  of  parasite  cell  division  rises  above  the 
rate  of  host  somatic  growth  for  a  time,  an  epizootic  can  be  trig- 
gered resulting  in  a  high  rate  of  mortality  in  the  affected  popula- 
tion. 

The  National  Status  and  Trends  Mussel  Watch  Program  was 


designed  to  monitor  the  status  and  long-term  trends  of  selected 
environmental  contaminants,  trace  metals,  polynuclear  aromatic 
hydrocarbons  (PAHs).  and  chlorinated  pesticides  by  measuring  the 
concentrations  of  these  contaminants  in  mussels  {Mytilus  spp.)  and 
oysters  (Crassostrea  spp.)  collected  once  yearly  from  bays  along 
the  East.  West,  and  Gulf  coasts  of  the  U.S.  (Lauenstein  1995, 
O'Connor  1996).  In  the  Gulf  of  Mexico,  the  Eastern  oyster,  Cras- 
sostrea virginica.  and  the  Mangrove  oyster,  Crassostrea  rhizopho- 
rae.  were  used  as  the  sentinel  organisms.  As  a  component  of  this 
project,  the  health  of  each  oyster  population  was  assayed  using 
ineasures  of  size  frequency,  condition,  reproductive  stage,  and 
disease  {Perkinsus  marinus)  prevalence  and  intensity.  Presley  et  al. 
(1990),  Sericano  et  al.  (1990),  Wilson  et  al.  (1990,  1992),  and 
Jackson  et  al.  (1994)  discuss  various  aspects  of  the  spatial  and 
temporal  variations  in  contaminant  body  burdens  and  biological 
attributes  of  oyster  populations  elucidated  by  this  sampling  pro- 
gram. 

The  primary  objectives  of  our  study  were  to  use  the  National 
Status  and  Trends  Mussel  Watch  data  for  the  Gulf  of  Mexico  to: 
(a)  examine  the  interannual  variation  in  population  and  health 
indicators  of  oysters  taken  from  the  Gulf  of  Mexico  and  (b)  assess 
the  influence  of  interannual  changes  in  climate  and  in  local  envi- 
ronmental factors  in  determining  the  state  of  key  biological  indices 
of  population  health  in  oyster  populations. 

MATERIALS  AND  METHODS 

Sample  Collection  and  Laboratory  Analysis 

From  1986  to  1993,  oysters  were  collected  from  populations 
along  the  Gulf  of  Mexico  coast  from  Brownsville,  TX  to  the 
Florida  Everglades  during  December  to  February  of  each  year. 
Puerto  Rican  sites  were  added  in  1992.  C.  rhizophorae.  possibly  a 
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subspecies  of  C.  virginica  (Newball  and  Carriker  1983).  were  col- 
lected at  the  Puerto  Rican  sites  To  evaluate  within-site  variability. 
three  stations,  100  to  1,000  m  apart,  were  established  at  each  site. 
Twenty  oysters  collected  at  each  station  were  used  for  biological 
analysis  at  most  sites  and  in  most  years.  Oysters  were  commonly 
handpicked  from  exposed  reefs,  but  they  were  collected  by  dredge 
or  tongs  in  deeper  water.  The  sampling  locations,  and  the  site 
names  and  designations  are  described  in  more  detail  in  Lauenstein 
et  al.  (1993). 

The  maximum  anterior-posterior  length  of  each  oyster  was 
measured  ( Morales-Alamo  and  Mann  1 989 ).  Displacement  volume 
was  determined  before  and  after  shucking.  Condition  index  was 
calculated  as: 

tissue  dry  weight 


shell  cavity  volume 

(Scott  and  Lawrence  1982).  Prevalence  and  infection  intensity  of 
P.  maiinus  were  assessed  using  the  culture  method  of  Ray  ( 1966). 
A  small  section  of  mantle  tissue  was  removed  from  each  oyster 
and  incubated  in  thioglycollate  medium  for  two  weeks.  After  stain- 
ing with  Lugol's  iodine,  the  mantle  tissue  was  examined  under  the 
microscope  for  P.  mariiuis  hypnospores.  Infection  intensity  was 
ranked  on  the  O-to-5-point  scale  from  uninfected  (0)  to  heavily 
infected  (5)  using  Mackin's  (1962)  numerical  scale  as  modified  by 
Craig  et  al.  (1989).  Prevalence  was  calculated  as: 

number  infected  oysters 
number  oysters  sampled' 

Prevalences  are  minimum  values  because  the  method  used  can 
occasionally  score  very  light  infections  as  uninfected  (Choi  et  al. 
1989).  Infection  intensity  is  reported  as  the  mean  and  the  median 
because  Mackin's  scale  is  truncated  by  two  extreme  values  (0  and 
5),  so  that  the  median  many  times  gives  a  better  estimate  of  the 
typical  condition  in  the  population. 

Sex  and  gonadal  stage  were  determined  histologically  (Powell 
et  al.,  1993).  An  egg/eggless  ratio  was  defined  as  the  number  of 
individuals  having  substantial  gonadal  tissue  [mid,  late,  and  full 
gonadal  development — Stages  3-7  in  Powell  et  al.  ( 1993)]  divided 
by  the  number  having  little  gonadal  tissue  [early  development, 
undifferentiated  and  spent — Stages  1,2,8  in  Powell  et  al.  (1993)]. 


STATISTICAL  ANALYSIS 

Data  Reduction 

Within-site  variability  was  typically  small  (Craig  et  al.  1989, 
Wilson  et  al.  1990),  so  the  data  from  the  three  stations  were  com- 
bined for  subsequent  statistical  analyses.  Each  site  was  assigned  to 
1  of  32  bay  systems  as  slightly  modified  from  Broutman  and 
Leonard  (1988)  (Figure  1 ).  The  primary  data  used  for  analysis  are 
a  series  of  biological  variables:  prevalence  and  infection  intensity 
of  P.  marinus.  condition  index,  length,  male/female  ratio,  and 
gonadal  stage  (egg/eggless  ratio).  Bay  means  were  obtained  arith- 
metically from  all  individuals  measured  from  all  sites  within  each 
bay. 

Temporal  Changes  in  Spatial  Distribution 

The  analytical  approach  of  Powell  et  al.  (1984)  as  adapted  by 
Powell  et  al.  (1992a)  was  used  to  determine  whether  concordant 
changes  occurred  in  each  biological  variable  from  year  to  year 
among  the  bays  sampled.  A  concordant  change  was  defined  as  a 
case  where  the  value  of  a  biological  variable  increased  or  de- 
creased simultaneously  from  1  y  to  the  next  in  a  pair  of  bays.  To 
identify  the  frequency  of  concordant  changes  amongst  a  group  of 
bay  pairs,  data  for  the  8  years  ( 1986  to  1993)  (6  y  for  male/female 
and  egg/eggless  ratio)  were  ranked  separately  for  each  bay  group 
from  1  (highest)  to  8  (or  6)  (lowest)  based  on  each  variable.  For 
any  given  variable,  two  bays  were  compared  by  subtracting  each 
year's  rank  for  one  from  the  corresponding  rank  for  the  other. 
Then,  the  absolute  values  of  the  8  (or  6)  differences  were  summed. 
For  instance,  if  the  data  for  Bay  Group  1  were  ranked  I,  2,  3,  4,  .'i, 
6,  7,  and  8  for  the  8  y,  and  the  data  for  Bay  Group  2  were  ranked 
1,  3,  2,  8,  4,  6,  5,  and  7,  then  the  differences  would  be  0,  -1,  1,-4, 
1,  I,  0,  2,  and  the  absolute  value  of  the  sum  would  be  10. 

The  actual  distribution  of  sums  calculated  from  the  data  in  this 
way  was  compared  to  the  frequency  expected  by  chance  combi- 
nations of  the  rankings  using  two-sided  Kolmogorov-Smimov  (K- 
S)  one-sample  tests.  Significance  of  the  K-S  statistic  was  deter- 
mined using  Conover's  (1972)  method  for  calculating  exact  P- 


Figure  1.  Bays  analyzed  for  the  National  Status  and  Trends  Mussel  Watch  Project  in  the  Gulf  of  Mexico. 
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values  tor  discontinuous  data.  In  this  analysis,  if  the  year-to-year 
variation  in  any  variable  was  similar  between  bay  systems  (most 
bays  in  a  set  increasing  or  decreasing  uniformly),  then  the  absolute 
value  of  the  sum  of  the  differences  would  be  lower  than  expected 
by  chance.  If  the  yearly  changes  had  a  tendency  to  oppose  one 
another  then  the  absolute  value  of  the  sum  of  the  differences  would 
be  higher  than  expected  by  chance. 

Figure  2  shows  how  adjacent  bays  might  respond  to  climatic 
forcing  or  local  forcing  as  identified  by  this  statistical  approach. 
Climate  will  cause  bays  to  respond  similarly.  Variables  will  rise  or 
fall  more  or  less  in  unison  from  one  year  to  the  next  among  a  group 
of  bays  if  changes  in  climate  are  principally  responsible  for  inter- 
annual  variation  in  variable  values.  Thus,  if  a  measured  variable 
behaves  similarly  in  Bays  A.  B.  and  C  (Fig.  2A)  (the  variable 
simultaneously  rises  and  falls  from  one  year  to  the  next ).  then  the 
evidence  of  these  concordant  shifts  suggests  that  the  variable  is 
under  climatic  control  in  the  region  of  Bays  A.  B,  and  C.  Bay  D 
behaves  in  an  independent  fashion  and  its  distance  from  A.  B.  and 
C  (e.g.  1000  km  in  Fig.  2A)  documents  the  regional  extent  of 
concordancy.  Cases  where  concordant  variations  occur  over  a  de- 
fined geographic  region  will  produce  a  p-value  <  0.0.'>  in  the  sta- 
tistical test.  On  the  other  hand,  if  the  measured  variable  behaves 
differently  in  Bays  A.  B.  and  C  (Fig.  2B).  local  factors  are  more 
important.  In  the  local  case,  concordant  temporal  variation  in  a 
variable  should  occur  no  more  frequently  than  expected  by  chance. 
A  p-value  >  0.05  is  obtained  in  the  statistical  test. 

We  examined  two  geographic  scales,  the  entire  Gulf  of  Mexico 
(all  bay  systems),  and  sets  of  bay  systems  within  300,  400.  500, 
and  600  km  distance.  Bay  pairing  was  defined  by  the  connections 
between  bays  on  a  Gabriel  graph.  In  this  case,  any  two  sites  were 
considered  linked  (AB)  if  no  third  site  (C)  was  present  that  formed 
an  obtuse  angle  when  connected  between  the  other  two  (ZACB) 
(Gabriel  and  Sokal  1969).  Examples  of  Gabriel  networks  for  Gulf 
of  Mexico  Status  and  Trends  sites  can  be  found  in  Craig  et  al. 
(1989).  Powell  et  al.  (1992a).  and  Wilson  et  al.  (1992).  To  deter- 
mine the  scale  of  similarity,  bay  pairs  were  defined  using  the 
distances  along  the  Gabriel  graph  and  all  bay  pairs  within  a  set 
distance  range  were  compared.  Distance  between  bay  pairs  was 
calculated  along  the  Gabriel  network  by  Marble's  (1967)  method, 
with  one  exception.  We  defined  the  distance  between  Bay  1  (La- 
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Figure  2.  Theoretical  examples  of  climatic  and  local  control  in  adja- 
cent bays  In  consecutive  years  as  evaluated  by  the  Kolmo^orov- 
Smirnov  test  for  the  distribution  of  the  sums  of  the  differences  in 
yearly  rankings  of  bay  pairs. 


guna  Madre.  Texas)  and  Bay  32  (Puerto  Rico)  as  100  km  to  com- 
pare the  most  tropical  sites  on  both  sides  of  the  Gulf  of  Mexico. 
The  data  used  for  these  statistics  can  be  found  in  Table  5  and 
Appendix  A  of  Kim  (1995). 

Because  the  variables  respond  to  changes  in  temperature,  vary- 
ing sampling  times  might  have  yielded  false  temporal  trends.  The 
samplings  were  usually  performed  over  a  2-mo  period  from  De- 
cember to  January,  although  sampling  sometimes  continued  into 
February  and  March  (Craig  et  al.  1989).  Powell  et  al.  (1992a)  did 
not  find  that  variation  in  sampling  time  compromised  the  analysis 
based  on  the  following  observations:  ( 1 )  similar  trends  in  some 
variables  were  noticed  in  southern  Texas  and  southern  Florida 
even  though  these  two  areas  were  the  first  and  the  last  sampled  in 
most  of  the  years;  (2)  the  geographic  .scale  of  similarity  for  tem- 
poral changes  in  some  variables  was  much  larger  than  the  geo- 
graphic extent  of  each  sampling  leg;  (3)  the  temperature  shift  from 
December  to  February  in  most  Gulf  of  Mexico  bays  is  not  large 
(Dekshenieks  et  al.  1993).  The  data  presented  here  corroborate 
these  conclusions. 

RESULTS 

We  first  examined  temporal  trends  at  ever-increasing  distance 
scales  (Fig.  3).  As  bays  become  farther  and  farther  apart,  interan- 
nual  changes  in  oyster  population  attributes  should  become  less 
and  less  concordant.  That  is.  the  chance  that  oyster  populations  in 
two  bays  will  behave  similarly  from  one  year  to  the  next  should 
become  less  and  less  likely.  Most  adjacent  bays  in  the  Gulf  of 
Mexico  are  10-50  km  apart,  so  concordant  changes,  bay  averages 
simultaneously  rising  or  falling  in  consecutive  years,  greater  than 
50  km  would  normally  indicate  a  regional  similarity  in  interannual 
change  for  a  biological  variable.  In  a  plot  of  P-value  versus  dis- 
tance between  bay  pairs,  as  shown  in  Figure  3.  the  point  at  which 
the  curve  passes  through  p  =  0.05  can  be  taken  as  the  regional 
extent  of  concordancy. 

Nearly  all  biological  variables  exhibited  some  degree  of  con- 
cordancy at  much  larger  spatial  scales  than  50  km.  Length  showed 
concordant  yearly  variations  on  a  spatial  scale  of  500  km.  For 
egg/eggless  rafio.  interannual  changes  were  concordant  in  bays  up 
to  approximately  800  km  apart.  Interannual  changes  in  mean  in- 
fection intensity  of  P.  marinus  were  concordant  in  bays  within 
1.000  km.  For  condition  index,  temporal  changes  on  a  scale  of 
1.200  km  were  concordant.  Concordancy  was  not  observed,  even 
at  the  smallest  scale  examined.  100  km.  for  male/female  ratio  and 
P.  marinus  prevalence.  Hence  no  regional  signal  exists  for  these 
last  two  variables  and  no  climatic  control  could  be  discerned. 

Year-to-year  changes  produced  by  variations  in  climate  should 
be  concordant  over  extended  spatial  scales.  However,  the  Gulf  of 
Mexico  is  a  heterogeneous  body  of  water  with  distinctive  subtropi- 
cal and  temperate  components.  Concordancy  in  one  area  might  not 
be  observed  if  bay-to-bay  variability  was  high  elsewhere.  The 
significant  trends  previously  reported  were  observed  either  be- 
cause nearly  the  entire  Gulf  of  Mexico  behaved  similarly  or  be- 
cause one  section  of  the  Gulf  was  strongly  climatically  controlled. 
We  sought  to  distinguish  these  two  possibilities  by  examining 
trends  within  smaller  bay  groupings  of  300-600  km  scale  (Figs.  4 
and  5).  The  variables  can  be  divided  into  three  groups  according  to 
the  temporal  trends  observed  on  these  geographic  scales. 

(I)  Male/female  ratio  and  P.  munims  prevalence  show  concor- 
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Figure  3.  Correlograms  of  significance  level.s  of  Kolmogorov-Smirnov 
one-sample  tests  for  concordancy  in  interannual  variations  in  iA)  P. 
marinus  mean  and  median  infection  intensities,  length,  and  egg/eggless 
ratio;  and  (B)  condition  index,  male/female  ratio  and  P.  marinus 
prevalence. 

(Jant  temporal  trends  in  the  southern  Gulf,  but  no  temporal 
similarity  in  the  northern  Gulf.  For  prevalence,  in  bays  in 
the  southern  Gulf,  (JefineiJ  from  Brownsville  (Bay  1)  to 
Matagorda  Bay  (Bay  5),  Texas  on  the  west  and  from  the 
Everglades  (Bay  31)  (or  Puerto  Rico.  Bay  32,  in  some 
years)  to  Tampa  Bay,  Florida  (Bay  28)  on  the  east,  year- 
to-year  changes  were  similar  during  the  study.  Variables 
are  more  likely  to  rise  or  fall  simultaneously  from  one  year 
to  the  next  than  would  be  expected  by  chance.  For  male/ 
female  ratio,  this  concordancy  was  limited  to  the  south- 
western Gulf  (essentially  south  and  southeast  Texas). 

(2)  Length  shows  concordancy  in  the  northwestern  Gulf  re- 
gion, particularly  between  Galveston  Bay  (Bay  8),  Texas 
and  the  Mississippi  River  (Bay  16).  However,  the  trend 
continues  to  be  significaiu  throughout  the  northern  Gulf 
well  into  Florida. 

(3)  Mean  and  median  P.  mahniis  infection  intensity,  condition 
index,  and  egg/eggless  ratio  have  the  same  overall  pattern 
as  length,  with  significant  trends  covering  most  of  the 
northern  Gulf  region;  however,  they  vary  in  the  region  of 
strongest  concordancy.  Strongest  concordancy  is  typically 
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Figure  4,  Significance  levels  of  Kolmogorov-Smirnov  one-sample  tests 
for  concordancy  in  interannual  variations  in  male/female  ratio,  oyster 
length,  and  P.  marinus  prevalence  for  sets  of  bays  within  300,  400,  500, 
and  600  km. 

centered  over  the  Mississippi  River  (Bays  16  and  17)  and 
includes  the  Lake  Borgne.  Louisiana  (Bay  19)  to  Tampa 
Bay,  Florida  (Bay  28)  region  as  well  as  the  Galveston  Bay 
(Bay  8)  to  Barataria  Bay  (Bay  15)  region  for  P.  marinus 
infection  intensity  and  condition  index.  Egg/eggless  ratio  is 
intermediate  between  condition  index  and  length  in  having 
a  more  restricted  region  of  concordancy  east  of  the  Mis- 
sissippi River. 
Year  1986  to  1987  was  an  El  Nino  period  in  the  Gulf  of  Mexico 
(Fig.  6).  A  shift  from  El  Nino  to  La  Nina  occurred  between  1987 
and  19S9,  followed  by  a  moderately  weak  El  Nino  that  continued 
through  the  end  of  the  study.  Consequently,  we  examined  shorter 
period  temporal  trends  by  examining  time  series  fragments  of  4  y 
length  (i.e.,  from   1986  through  1989,  1987  through  1990,  etc.) 
using  a  distance  scale  of  300  km  (Figs.  7  and  8).  We  focused  on  the 
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Figure  5.  Significance  levels  of  Kolmogorov-Smirnov  one-sample  tests  for  concordanc.v  in  interannual  variation.s  in  P.  mariitus  median  and  mean 
infection  intensity,  condition  index  and  egg/eggless  ratio  for  sets  of  bays  within  300,  400,  500,  and  600  km. 


geographic  regions  that  showed  the  greatest  concordancy  in  inter- 
annual variation  in  the  full  time  series  at  this  distance  scale.  Vari- 
ables can  be  categorized  into  tour  groups  according  to  this  analy- 
sis. 

(1)  No  portion  of  the  time  series  was  particularly  responsible 
for  the  trends  in  P.  marinus  prevalence  and  male/female 
ratio  that  showed  strongest  concordancy  in  the  southern 
Gulf. 

(2)  The  1986  through  1989  and  1987  through  1990  signals 
were  responsible  for  the  concordant  trends  in  length  ob- 
served in  the  northwestern  Gulf  in  the  full  time  series. 

(3)  Egg/eggless  ratio  and  condition  index  showed  strongly 
concordant  trends  in  all  year  groupings  in  the  northern 
Gulf,  as  they  had  for  the  full  time  series. 

(4)  P.  marinus  infection  intensity  showed  strongly  concordant 
trends  from  1986  to  1991  in  the  northern  Gulf.  The  time 
series  fragment  1990  through  1993  showed  a  distinctly 
weaker  trend,  that  was  not  even  significant  if  the  median, 
rather  than  the  mean,  was  used  to  describe  infection  inten- 
sity. 

(5)  The  strongest  year  groupings  were  1986  through  1989. 
1987  through  1990,  and  1988  through  1991.  A  strong  El 
Nino/La  Nifia  signal  exists  in  the  climate  record  during  the 
1986  through  1991  period.  Overall,  years  1990  through 
1993,  representing  a  nearly  continuous  El  Nifio  period, 
produced  weak  trends  for  most  biological  variables,  even  in 
cases  such  as  condition  index  where  the  1990  through  1993 
trend  remained  significant.  A  persistent,  weak  El  Nifio  al- 
lowed local  processes  to  override  the  regional  signal  after 
1991  in  many  cases. 


DISCUSSION 


Local  Versus  Climatic  Forcing 

Climate  exerts  its  influence  o\er  large  geographic  scales. 
Large-scale  concordances  in  interannual  variation,  in  which  vari- 
ables rise  or  fall  more  or  less  in  unison  over  broad  geographic 
regions,  can  only  be  explained  by  climatic  factors,  as  only  these 
operate  on  an  appropriate  geographic  scale.  (The  single  exception, 
not  pertinent  in  this  case,  would  be  a  widespread  change  in  human 
impact  caused,  for  example,  by  the  regulation  in  the  use  of  a 
pesticide  or  other  contaminant.)  Local  effects  should  occur  inde- 
pendently and,  thus,  adjacent  bays  should  behave  in  random  fash- 
ion if  local  effects  predominate. 

Interannual  changes  occurred  in  each  of  the  biological  variables 
examined  (viz.  length,  sex  ratio,  condition  index,  reproductive 
stage,  P.  marinus  prevalence,  and  infection  intensity).  In  some 
cases,  these  changes  were  produced  by  variations  in  local  envi- 
ronmental conditions.  In  other  cases,  larger-scale  climatic  phe- 
nomena were  important.  The  relative  strength  of  local  versus  cli- 
matic factors  should  vary  from  region  to  region  and  variable  to 
variable  depending  upon  the  relationship  of  the  variable  to  the 
environmental  forcing  and,  in  particular,  the  range  and  absolute 
scale  of  environmental  forcing  present.  Strong  local  forcing  should 
produce  discordance  between  adjacent  bays.  As  an  example, 
Galveston  Bay  drains  a  large  geographic  area,  whereas  the  nearby 
bay.  East  Matagorda  Bay,  receives  only  local  rainfall.  Biological 
variables  strongly  influenced  by  salinity  may  respond  differently 
in  these  two  bays  because  salinity  is  controlled  by  local  rainfall  in 
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Figure  6.  Left  axis;  time  series  of  the  Southern  Oscillation  Index  (SOI) 
calculated  as  the  5-mo  running  mean  of  the  difference  between  the 
standardized  sea-level  pressure  anomalies  at  Tahiti  and  Darwin  (from 
NOAA  1994).  Values  arc  standardized  hy  the  1951  to  1980  mean  an- 
nual standard  deviation.  Right  axis  (.\):  time  series  of  the  Gulf-wide 
means  for  condition  index,  length,  and  P.  marimis  prevalence  and 
infection  intensity  calculated  as  the  ratio  of  the  yearly  Gulf-wide  mean 
and  the  1986  to  1993  (8-y)  Gulf-wide  mean  of  the  yearly  Gulf-wide 
means.  Right  axis  (B):  time  series  of  the  ratio  of  the  yearly  Gulf-wide 
mean  and  the  1986  to  1993  (8-y)  Gulf-wide  mean  of  the  yearly  Gulf- 
wide  means  for  condition  index,  length,  and  P.  marimis  prevalence  and 
infection  intensity,  but  using  only  northern  Gulf  bays,  from  Mat- 
agorda Bay,  Texas  to  Tampa  Bay,  Florida. 


one  and  upland  drainage  in  the  other.  Large-scale  cHmatic  trends, 
in  contrast  to  this,  influence  regional  weather  patterns.  For  in- 
stance, the  temperature  and  precipitation  regime  varies  with  El 
Nifio  events.  In  this  case,  large  regional  areas  exhibit  concordant 
changes  in  climate  which  may  drive  concordant  behavior  in  bio- 
logical variables  (Douglas  and  Englehart  1981.  Naniias  1986.  Phi- 
lander 1989). 


Concordancy  in  Interannual  Trends 

Significant  similarity  may  occur  in  certain  geographic  areas  but 
not  others  and.  thus,  might  no!  be  observed  at  a  spatial  scale  of  the 
entire  Gulf  of  Mexico.  We  examined  the  entire  Gulf  of  Mexico  (all 
bay  systems)  and  sets  of  bay  systems  within  .^00,  400,  500.  and 
600  km  distance,  distance  being  defined  along  the  Gabriel  graph. 
The  use  of  discrete  distance  scales  recognizes  that  certain  variables 


may  be  climatically  controlled  in  some  areas  and  locally  controlled 
in  others. 

Using  the  2000  km  scale  of  the  entire  Gulf  (>2000  km  along  the 
Gabriel  network)  permits  three  groups  of  variables  to  be  recog- 
nized. ( I )  The  first  group  (egg/eggless  ratio,  length,  median  P. 
nuiriiuis  infection  intensity)  showed  concordant  shifts  with  a  spa- 
tial scale  of  <1000  km.  (2)  Condition  index  and  P.  nniriinis  mean 
infection  intensity  had  concordant  yearly  shifts  with  a  scale  of 
^1000  km.  (3)  No  concordant  changes  were  observed  for  male/ 
female  ratio  and  P.  inarinus  prevalence.  The  key  distinction  among 
these  groups  is  the  difference  between  P.  marimis  prevalence  and 
male/female  ratio  on  the  one  hand  and  the  remaining  biological 
variables  on  the  other.  Prevalence  and  male/female  ratio  are  less 
affected  by  key  climatic  variables  such  as  temperature  and  rainfall 
(salinity)  than  are  the  others. 

P.  marinus  infection  intensity,  for  example,  showed  good  year- 
to-year  concordancy  on  a  scale  of  over  1000  km  which  is  much 
larger  than  can  be  controlled  by  infection  foci  and  so  indicates 
climatic  control.  Powell  et  al.  (1992a)  identified  this  trend  in  the 
first  4  y  of  the  Mussel  Watch  time  series  and  the  pattern  remains 
strong  after  8  y.  Modeling  and  observation  show  the  sensitivity  of 
infection  intensity  to  changes  in  winter  temperature  and  summer 
salinity  (Soniat  and  Gauthier  1989;  Hofmann  et  al.  1995;  Powell  et 
al.  1996).  These  climatic  factors  (temperature  and  salinity  using 
rainfall  as  a  surrogate)  exhibit  the  variability  necessary  to  initiate 
significant  changes  in  population  health  over  1-  to  2-y  periods  in 
the  Gulf  region  (Douglas  and  Englehart  1981.  Powell  et  al.  1992a, 
Powell  et  al.  1996,  Murphee  and  Reynolds  1995).  Interannual 
changes  in  mean  monthly  precipitation  and  temperature  usually 
have  scales  of  similarity  of  1.100  to  2.000  km  (Powell  et  al. 
1992a);  of  the  same  order  as  demonstrated  by  the  biological  vari- 
ables. 

In  contrast  to  P.  luuriiuis  infection  intensity,  prevalence  showed 
little  evidence  of  climatic  control.  Whereas,  infection  intensity 
responds  directly  to  salinity,  temperature  and  other  environmental 
variables  that  control  the  rate  of  cell  division,  prevalence  depends 
on  transmission  between  infected  and  uninfected  individuals, 
which  is  less  affected  by  large  scale  climatic  cycles  and  more 
influenced  by  local  population  dynamics  (Powell  et  al.  1992a). 
Prevalence,  for  example,  will  depend  on  population  density  and 
recruitment.  Accordingly,  changes  in  prevalence,  particularly  in- 
creases, probably  require  longer  time  scales  and  more  continuous 
and  intense  environmental  shifts  (Powell  et  al.  1992a.  Cook  et  al. 
1998). 

Interestingly,  the  male/female  ratio  responds  similarly  to  preva- 
lence, whereas  length,  condition  index,  and  egg/eggless  ratio  re- 
spond similarly  to  infection  intensity.  Sex  ratio  depends  on  local 
population  attributes  because  young  adults  are  nonnally  male  and 
become  female  as  they  grow,  or  remain  male  as  a  function  of  the 
presence  of  other  females  (Kennedy  1983).  Thus,  male/female 
ratio  should  be  .somewhat  insulated  from  the  effects  of  climate 
change.  Length  and  reproductive  stage  are  strongly  influenced  by 
temperature  that  regulates  the  division  of  net  production  into  so- 
matic and  reproductive  growth  (Hofmann  et  al.  1994)  and  should 
be  influenced  by  climate  change.  Condition  index  is  controlled  by 
a  variety  of  biological  variables  including  reproductive  stage 
(Hopkins  et  al.  1954.  Soniat  and  Ray  1985.  .Soniat  et  al.  1989)  and 
disease  intensity  (Crosby  and  Roberts  1990.  Chu  and  La  Peyre 
1993).  and  so  should  also  be  responsive  to  climate  change.  The 
similarity  in  condition  index  and  P.  marinus  infection  intensity 
argues  for  a  strong  interaction  between  these  two  variables 
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Figure  7.  Signiricance  levels  of  Kolmogorov-Smirnov  one-sample  tests  for  concordancy  in  interannual  variations  for  bays  ^300  km  distant  for 
egg/eggless  ratio,  male/female  ratio,  oyster  length,  and  P.  mariniis  prevalence  using  4-y  segments  of  the  time  series. 


throughout  the  Gulf  of  Mexico.  The  smaller  scales  of  concordancy 
for  length  and  egg/eggless  ratio  indicate  an  increased  influence  of 
local  forcing.  Certainly  for  length,  population  density  (Powell  et  al. 
1987,  Powell  1995),  and  the  influence  of  the  oyster  fishery  should 
exert  considerable  local  control,  and.  thus,  minimize  the  influence 
of  climate  change. 

When  the  scale  of  interest  was  narrowed  to  300.  400.  500,  or 
600  km,  the  variables  fell  into  three  main  categories.  ( 1 )  The 
male/female  ratio  and  P.  mariniis  prevalence  showed  concordant 
temporal  trends  in  southern  Texas  and,  for  prevalence,  southern 
Florida,  suggesting  a  subtropical  control  on  these  variables  (Wil- 
son et  al.  1992),  but  not  in  the  northern  Gulf,  suggesting  local 
control  in  temperate  climes.  (2)  Length  varied  concordantly  in  the 
northwestern  Gulf  region,  suggesting  some  large-scale  phenom- 
enon in  this  region  (Wilson  et  al.  1992).  (3)  P.  marinus  infection 
intensity,  condition  index  and  egg/eggless  ratio  were  concordant  in 
the  northern  Gulf.  In  each  case,  some  regions  of  the  Gulf  were 
chiefly  influenced  by  a  climatic  signal,  whereas  other  areas  were 
more  heavily  influenced  by  local  forcing  factors.  The  boundaries 
between  these  influences,  in  the  vicinity  of  the  Mississippi  River, 
between  Matagorda  Bay  (Bay  5)  and  Aransas  Bay  (Bay  3)  in 
Texas,  and  at  Tampa  Bay  in  Florida  (Bay  28),  have  been  noted 
previously  in  treatments  of  Mussel  Watch  data  (Wilson  et  al.  1992) 
and  are  consistent  with  broad  zoogeographic  trends  in  the  Gulf. 

Interestingly,  the  two  variables,  P.  marinus  prevalence  and 
male/female  ratio,  that  might  be  least  influenced  by  climate  change 
also  separated  from  the  other  variables  in  the  region  of  greatest 
concordancy.  Although  information  is  spotty,  oysters  in  the  south- 
em  Gulf  tend  to  have  1-  to  2-y  life  cycles  and  reproduce  all  year 
(Hofmann  et  al.  1994).  A  shorter  life  cycle  might  make  both  vari- 


ables more  sensitive  to  climate  change  and  thus  more  likely  to 
behave  concordantly  in  subtropical  climes.  The  remaining  vari- 
ables are  strongly  influenced  by  temperature  and  salinity,  which 
should  be  more  variable  in  the  more  northerly  climes  and  are  more 
dependent  on  the  presence  of  older,  larger  oysters  which,  for  the 
most  part,  are  present  in  the  more  northerly  populations. 


Forcing  Factors  Establishing  Concordancy 

Climate  exerts  its  effect  over  large  geographic  scales.  Large 
scale  concordances  in  temporal  change  can  only  be  explained  by 
climatic  factors  as  only  these  operate  on  an  appropriate  geographic 
scale.  Two  climatic  phenomena  are  important  in  the  Gulf  of 
Mexico.  El  Nino  events  and  the  Pacific  North  American  Telecon- 
nection  (PNAT).  The  ENSO  (El  Nifio/Southem  Oscillation)  influ- 
ences temperature  and  rainfall  in  the  Gulf  of  Mexico  (Trenberth  et 
al.  1988.  Philander  1989).  El  Nifio  years  are  typically  wet  and  cool 
(Ropelewski  and  Halpert  1986;  Kerr  1992;  Gates  1993).  The 
PNAT  affects  the  frequency  and  severity  of  winter  northers  (Wal- 
lace and  Gutzler  1981).  which  influence  winter  and  early  spring 
water  temperatures.  A  relationship  between  ENSO  events  and  the 
PNAT  has  been  described  (Murphee  and  Reynolds  1995). 

Most  comparative  studies  show  that  some  biological  variables 
are  more  sensitive  to  certain  kinds  of  climate  change  than  others 
and  that  this  sensitivity  can  vary  regionally  because  biological 
processes  vary  in  their  sensitivity  to  climatic  factors  like  tempera- 
ture and  salinity  over  their  adaptive  range  (e.g..  Bailey  et  al.  1995, 
Lenarz  et  al.  1995.  Hammann  et  al.  1995).  Of  the  four  variables 
influenced  strongly  by  climate  in  the  northern  Gulf,  length  is 
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Figure  8.  Significance  levels  of  Kolmogorov-Sniirnov  one-sample  tests 
for  concordancy  in  interannual  variations  for  bays  s;.MK)  km  distant 
for  condition  index  and  P.  marinus  infection  intensity  using  4-y  seg- 
ments of  the  time  series. 


unique  in  being  influenced  most  strongly  in  the  northwestern  Gulf. 
The  remaining  three.  P.  inariiuis  infection  intensity,  concjition  in- 
dex, and  egg/eggless  ratio  have  concordant  interannual  variability 
throughout  the  northern  Gulf.  Oysters  in  the  Florida  panhandle  are 
unusually  small  for  oysters  at  that  latitude  (Hofmann  et  al.  1994). 
Although  reasons  for  the  unusually  small  size  in  this  region  are 
unknown,  the  data  suggest  that  length  in  populations  from  this 
region  is  not  influenced  by  temperature  and  salinity  in  the  manner 
that  it  is  elsewhere  or  that  other,  nonclimatic  factors  predominately 
restrict  average  adult  size.  Thus,  the  different  degrees  of  concor- 
dancy conform  with  the  observational  data  from  these  regions. 

A  number  of  climatic  phenomena  besides  the  ENSO  affect 
i."'nperature  and  salinity,  and  through  them  biology,  over  long  time 
5c:tle:>  (Powell  and  Cummins  1985,  Polovina  et  al.  1994.  Smith 
199.i);  however  the  EN.SO  is  often  associated  with  changes  in 


population  dynamics  in  warm  temperate/subtropical  latitudes.  Al- 
though the  data  cannot  conclusively  identify  the  climatic  forcing 
responsible  for  the  observed  interannual  concordancy  in  the  north- 
ern Gulf  for  length,  condition  index.  P.  marinus  infection  intensity. 
and  reproductive  stage,  some  hypotheses  can  be  tested.  In  particu- 
lar, an  extended  El  Nino  occurred  during  the  period  1990  through 
1993  (and  afterwards)  that,  theoretically,  reduced  the  variability  in 
the  climate  signal.  If  we  assume  that  a  strong  change  in  climate  is 
necessary  to  maintain  concordancy  in  interannual  variations  over 
large  regional  extents — otherwise,  local  forcing  factors  gradually 
degrade  the  uniformity  of  the  signal — then,  a  period  of  relatively 
stable  climate  should  be  characterized  by  a  period  of  relatively 
weak  concordancy  in  interannual  variations. 

Concordancy  in  biological  attributes  was  examined  in  four  year 
time  series  segments  to  determine  how  important  various  climatic 
signals  were  in  determining  year-to-year  changes.  Each  of  the  four 
main  biological  variables,  length,  condition  index,  egg/eggless  ra- 
tio and  P.  inariinis  infection  intensity,  was  characterized  by  strong 
concordancy  in  interannual  variations  in  the  period  I9S6-I990  and 
little  concordancy  in  the  period  1990  through  1993.  A  strong  El 
Nino/La  Nifia  signal  occurred  during  the  earlier  period  when  these 
variables  showed  concordancy  (Miller  et  al.  1988,  NOAA  1994. 
Philander  1989).  The  reduced  level  of  concordancy  in  1990 
through  1993  coincides  with  a  period  characterized  by  weak  cli- 
matic shifts  and  strengthens  the  inference  that  concordancy  origi- 
nates in  the  influence  of  strong  El  Nifio/La  Nifia  climatic  shifts. 

CONCLUSIONS 

Figure  6A  shows  the  Southern  Oscillation  Index  (SOI),  the 
difference  in  the  standardized  sea-level  pressure  anomalies  be- 
tween Darwin.  Australia  and  Tahiti,  and  the  ratio  of  the  yearly 
Gulf-wide  mean  to  the  long-term  (8  y)  Gulf- wide  mean  for  length. 
P.  inanniis  prevalence  and  infection  intensity,  and  condition  index. 
El  Nino  signals  are  represented  as  negative  standard  deviation 
values.  La  Nina  events  as  positive  standard  deviation  values,  in 
this  figure.  Figure  6B  shows  the  same  trend  for  the  northem  Gulf 
only,  where  concordancy  was  highest  for  most  variables.  The  two 
figures  are  nearly  identical,  indicating  that  interannual  differences 
in  northern  Gulf  values  largely  determine  the  interannual  differ- 
ence in  the  Gulf-wide  mean. 

P.  marinus  infection  intensity  closely  follows  the  ENSO  cycle. 
Gulf-wide  mean  infection  intensity  drops  during  El  Niino  events 
and  rises  during  La  Niiia  events,  as  anticipated  by  the  effect  of 
ENSO  events  on  temperature  and  rainfall.  Prevalence  has  a  simi- 
lar, though  subdued,  trend,  probably  because  the  thioglycollate 
assay  records  fewer  false  negatives  in  La  Nifia  years.  La  Nina 
events  tend  to  produce  warm  dry  conditions  that  can  trigger  P. 
marinus  epizootics  (Powell  et  al.  1996)  and,  indeed,  an  epizootic 
occurred  in  the  northeastern  Gulf  in  the  1988/1989  period  associ- 
ated with  the  La  Nifia  event  that  occurred  during  that  time  period. 

Condition  index  follows  a  diametrically  opposite  course,  as 
would  be  expected  if  P.  marinus  was  a  major  factor  establishing 
condition  index  in  Gulf-coast  oysters  (Soniat  et  al.  1989,  Crosby 
and  Roberts  1990,  Chu  and  La  Pcyrc  1993).  Length,  in  contrast, 
shows  no  distinctive  trend.  Length  also  exhibits  a  different  scale 
and  regional  distribution  of  concordancy,  suggesting  a  lesser  sen- 
sitivity to  ENSO-related  climate  change. 

The  results  summarized  by  Figure  6  indicate  that  some  popu- 
lation attributes  of  oyster  populations  are  affected  by  long-term 
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changes  in  climate  and  thai  these  include  key  indicators  of  popu- 
lation health.  P.  marinus  infection  intensity  and  condition  index, 
that  are  strongly  intluenced  by  ENSO  events.  The  results  suggest 
that  P.  marinus  epizootics  in  the  Gulf  of  Mexico  might  be  pre- 
dicted, at  least  to  some  extent,  by  ENSO  climate  models.  Because 
P.  marinus  has  such  an  o\er\vhelming  influence  on  oyster  popu- 
lation dynamics  in  the  Gulf  of  Mexico,  ENSO  events  may  exert  a 
significant  influence  on  reproduction,  recruitment,  and  the  subse- 
quent success  of  the  oyster  industry,  by  controlling  population 
health  and  regulating  natural  inortality  rates  in  commercial  popu- 
lations. Accordinclv.  the  status  of  the  ENSO  should  be  taken  into 


account  in  establishing  management  policies  lor  the  oyster  indus- 
try in  this  region. 
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A  HISTOLOGICAL  STUDY  OF  DIGESTIVE  TUBULES  IN  INTERTIDAL  AND  SUBTIDAL 
OYSTERS,  CRASSOSTREA  VIRGINICA,  COLLECTED  AT  HIGH  AND  LOW  TIDES 
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ABSTR.ACT  Digestive  tubules  from  intertidal  and  subtida!  oysters,  Crassostrea  virginica.  were  histologically  e.xamined  to  gain  a 
better  understanding  of  their  normal  morphology  during  high  and  low  tides  and  while  being  held  out  of  water  for  up  to  72  h.  Intertidal 
and  subtidal  oysters  from  Bayou  Texar,  Pensacola,  Florida,  were  collected  from  adjacent  sites  and  processed  for  histological  exami- 
nation. A  digestive  tubule  ratio  for  each  oyster  was  determined  by  measuring  the  inside  to  outside  tubule  thickness  from  20  tubules 
per  animal.  Digestive  tubules  with  high  tubule  ratios  (approaching  1.0)  had  low  cuboidal  epithelia,  whereas  tubules  with  low  ratios 
(approaching  0.0)  had  columnar  epithelia.  In  tidal  studies,  intertidal  oysters  sampled  13-15  h  after  emersion  at  low  tides  had  no 
crystalline  styles  and  high  tubule  ratios,  whereas  subtidal  oysters  collected  at  the  same  time  exhibited  crystalline  styles  and  low  tubule 
ratios.  Intertidal  oysters  sampled  6-14  h  after  submersion  at  high  tides  had  crystalline  styles  present  and  low  tubule  ratios,  whereas 
subtidal  oysters  also  possessed  crystalline  styles  and  low  tubule  ratios.  These  data  indicate  that  intertidal  C.  virginicci  respond  to  tidal 
cycles  with  changes  in  tubule  morphology,  whereas  subtidal  oysters  do  not.  In  holding  expenments.  digestive  tubule  ratios  in  intertidal 
and  most  subtidal  oysters  held  out  of  water  did  not  significantly  change  over  time,  which  may  be  a  consequence  of  collection  stress 
(quiescence  and/or  anaerobic  metabolism). 

KEY  WORDS:     Oysters,  subtidal,  intertidal,  digestive  tubules,  .submersion,  emersion 


INTRODUCTION 

The  most  important  function  of  bivalve  digestive  glands  is  the 
processing  and  digestion  of  food  (Purchon  1968).  Studies  have 
shown  that  digestion  in  many  intertidal  bivalves  is  discontinuous 
and  cyclic  depending  on  tidal  state  (Robinson  and  Langton  1980). 
Digestive  tubules  may  go  through  a  series  of  morphological 
changes  in  which  tubule  epithelia  change  from  a  columnar  state 
during  high  tide  to  a  cuboidal  or  squamous  state  during  low  tide 
and  return  to  a  columnar  state  on  the  next  high  tide  (Morton  1970, 
Robinson  and  Langton  1980).  Observations  on  intertidal  bivalves 
such  as  Cardium  edule  (Owen  1970),  Macoma  balthica  (Morton 
1970),  Ostrea  edulis  (Langton  and  Gabbott  1974),  and  Mytlis  edii- 
lis  (Langton  1975)  seem  to  contlnm  this.  However,  there  seems  to 
be  variation  in  the  digestive  processes  of  subtidal  bivalves.  Early 
studies  indicated  that  digestion  in  subtidal  bivalves  was  discon- 
tinuous and  cyclic  (Purchon  1971,  Morton  1983),  but  later  studies 
concentrating  on  food  availability  and  its  effect  on  the  morphology 
of  the  digestive  gland  in  O.  edulis  (Wilson  and  La  Touche  1978). 
Mercenaria  mercenaria  (Robinson  and  Langton  1980),  and  Cras- 
sostrea virginica  (Winstead  1995)  indicated  that  digestion  was  a 
continuous  process  where  tubule  epithelia  normally  remain  in  a 
columnar  state. 

The  presence  of  a  crystalline  style  in  intertidal  and  subtidal 
oysters  generally  indicates  that  the  animals  are  actively  feeding 
(Galtsoff  1964).  The  style  is  not  a  permanent  structure  and,  like 
digestive  tubule  epithelia,  varies  in  size  depending  on  tidal  state 
and  food  availability  (Langton  and  Newell  1996).  Styles  of  inter- 
tidal and  subtidal  C.  virginica  can  disappear  within  3  h  after  oys- 
ters are  exposed  to  air  or  stop  feeding  (Nelson  1925,  Galtsoff 
1964).  Style  formation  and  dissolution  in  other  subtidal  bivalves 
such  as  O.  edulis  (Langton  and  Gabbott  1974)  and  M.  mercenaria 
(Robinson  and  Langdon  1980)  has  also  been  shown  to  be  depen- 
dent on  food  availability. 

The  use  of  inter-  and  subtidal  C.  virginica  as  bioindicator  or- 
ganisms has  become  increasingly  popular.  Several  studies  have 


reported  digestive  tubule  atrophy  as  an  indicator  of  pollutant  stress 
(Lowe  et  al.  1972,  Couch  1984,  Weis  et  al.  1993,  Weinstein  1997), 
however,  there  have  been  no  studies  of  the  morphology  of  diges- 
tive tubules  in  these  aniinals  during  normal  tidal  cycles  or  during 
the  stress  of  collection.  The  purposes  of  this  study  were  ( 1 )  to 
document  morphological  changes  in  the  digestive  tubules  of  inter- 
tidal and  subtidal  oysters.  C.  virginica.  during  high  and  low  tides 
and  (2),  to  determine  how  inter-  and  subtidal  oyster  digestive 
tubules  respond  to  collection  stress. 

MATERIALS  AND  METHODS 

Intertidal  oysters  (12  per  sample)  were  collected  from  the 
Bayou  Texar  seawall  (Pensacola,  Florida)  at  various  high  and  low 
tides  for  tidal  cycle  studies.  Subtidal  oysters  ( 12  per  sample)  were 
collected  from  a  site  adjacent  to  intertidal  oysters  at  the  same 
sampling  times.  Both  inter-  and  subtidal  oysters  were  sampled 
during  four  tidal  events  between  February  22,  1995  and  April  10, 
1996.  Sample  1  was  taken  at  low  tide  after  intertidal  oysters  had 
been  exposed  to  air  for  14-15  h  [Northern  Gulf  coast  estuaries  are 
unique  because  they  experience  only  two  tides  during  a  24-h  pe- 
riod instead  of  four,  and  it  is  not  unusual  for  intertidal  oysters  to  be 
exposed  to  air  (emersed)  or  submersed  up  to  15  h].  In  contrast. 
Sample  2  was  taken  at  a  high  tide  13-14  h  after  intertidal  animals 
were  submersed.  The  next  samples  were  taken  during  two  different 
tidal  cycles.  Sample  3  oysters  were  collected  at  low  tide  (intertidal 
oysters  were  emersed  13-14  h),  high  tide  (submersed  9  hr),  and  the 
next  low  tide  (emersed  13-14  h).  In  Sample  4.  animals  were  col- 
lected at  low  tide  (intertidal  oysters  were  emersed  13-14  h),  high 
tide  (two  collections,  submersed  6  and  9  h),  and  the  next  low  tide 
(emersed  13-14  h).  Temperature  and  salinity  were  also  measured 
at  the  site  on  all  sampling  dates.  All  oysters  were  shucked  imme- 
diately after  collection,  I  cm  sections  of  tissue  were  cut  with  a 
razor  across  the  digestive  gland,  fixed  in  Davidson's  fixative,  and 
processed  for  histological  examination.  Also,  the  presence  or  ab- 
sence of  a  crystalline  style  was  noted.  Digestive  tubule  epithelia 
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were  measured  by  a  method  described  previously  by  Robinson 
( 19831  and  modified  by  Winstead  ( 1995).  Tubules  were  measured 
from  histological  sections  using  a  light  microscope  (200x) 
equipped  with  an  ocular  micrometer.  Histological  cross-sections 
were  di\ided  into  tour  quadrants.  Five  randomly  selected  tubules 
from  each  quadrant  (total  of  20)  were  measured  and  two  sets  of 
measurements,  perpendicular  to  each  other,  were  taken  from  each 
tubule.  Internal  (luminal)  tubule  diameters  from  both  sets  were 
summed  and  divided  by  the  sum  of  the  two  external  diameter 
measurements  to  obtain  a  tubule  ratio.  The  average  ratio  for  all  20 
measurements  was  designated  as  the  oyster  tubule  ratio.  Thus, 
higher  tubule  ratios  indicated  tubule  epithelial  thinning  or  atrophy. 
Analysis  of  variance  (SAS)  was  performed  on  individual  oyster 
tubule  ratios  and  significant  differences,  if  any.  between  inter-  and 
subtidal  oysters  or  among  sampling  dates  were  determined  using 
the  Duncan  grouping  method  in  this  and  subsequent  experiments 
(Steel  and  Torrie,  1960).  Tubule  values  from  oysters  in  all  experi- 
ments with  heavy  parasitic  infections  such  as  Perkinsis  marinus  or 
Bucephalus  sp.  were  not  included  in  the  final  values  (11/216). 

In  collection  stress  Experiments  1.  2.  and  4,  sub-  and  intertidal 
oysters  (submersed  12  h)  were  collected  and  held  in  air  in  a  cooler 
at  ambient  temperature  and  sampled  at  various  times.  Subtidal 
oysters  ( 12  each  sample  time)  were  sampled  on  June  4.  1995  after 
0,  24,  and  48  h  and  again  on  July  7,  1995  after  0,  48,  and  72  h. 
Intertidal  oysters  (12  each  sample  time)  were  sampled  on  June  7. 
1995  after  0,  17,  and  24  h.  All  oysters  were  processed  for  histo- 
logical examination  and  tubule  measurements  as  above.  In  collec- 
tion stress  Experiments  3  and  5,  sub-  and  intertidal  oysters  (sub- 
mersed 12  h)  were  collected  on  December  16,  1996  and  placed  in 
air  in  a  cooler  at  2-3C.  Subtidal  oysters  (12  each  sampling  time) 
were  sampled  after  0,  24,  and  48  h  and  intertidal  animals  ( 12  each 
sampling  time)  after  0,  17,  and  24  h.  All  animals  were  processed 
for  histological  examination  as  described  above. 


RESULTS 

All  intertidal  oysters  lost  their  crystalline  styles  and  their  di- 
gestive tubule  epithelia  atrophied  within  13  h  of  emersion  during 
low  tide  (Table  1 ).  Crystalline  styles  reformed  and  tubule  epithelia 
reverted  to  a  columnar  state  within  6-9  h  of  resubmersion 
(Samples  3  and  4,  Table  1).  Digestive  tubules  examined  from 
intertidal  oysters  sampled  on  four  different  dates,  emersed  13-15 
h,  had  low  cuboidal  epithelia  (Fig.  1 )  and  high  tubule  ratios  (Table 
1 ).  Subtidal  oysters  sampled  at  the  same  time  had  crystalline 
styles,  columnar  epithelia  and  tubule  ratios  significantly  less  than 
intertidals  (Fig.  2,  Table  1).  In  addition,  intertidal  oyster  tubule 
ratios  sampled  at  high  tide  were  not  significantly  different  from 
subtidals  sampled  at  the  same  time.  Although  there  was  a  signifi- 
cant difference  between  sub-  and  intertidal  tubule  ratios  in  Sample 
2.  there  was  little  histological  difference  in  the  morphology  of  the 
tubules.  Intertidal  oysters  sampled  from  two  different  tidal  cycles 
showed  high  tubule  ratios  after  13-14  h  exposure  to  air  (Table  1 ). 
Styles  reformed  and  tubule  ratios  decreased  within  6  h  after  being 
covered  by  the  tide  in  Sample  4,  and  after  9  h  tubule  ratios  from 
both  tidal  cycle  samples  (3  and  4)  were  low  and  not  significantly 
different  from  subtidals.  After  13-14  h  of  re-exposure  to  air,  in- 
tertidal oyster  tubule  epithelia  became  low  cuboidal  again,  with 
significantly  higher  tubule  ratios  in  both  sampling  groups  (Ta- 
ble 1). 

In  the  first  collection  stress  experiment,  freshly  collected  oys- 
ters (0  h)  exhibited  low  tubule  ratios  and  crystalline  styles  were 
present  in  all  animals  sampled.  Tubule  ratios  significantly  in- 
creased after  24  h  exposure  to  air  at  26-27°C  (Table  2).  Also, 
crystalline  styles  were  not  present  in  these  oysters.  No  significant 
difference  was  observed  between  tubule  ratios  at  24  and  48  h 
(Table  2).  In  the  second  collection  stress  experiment  no  differences 
were  detected  in  tubule  ratios  after  48  and  72  h  in  air  at  28-32°C 


TABLE  I. 
Ovster  tubule  ratios  at  different  tidal  times. 


Number 

Temp 

Style 

Tubule 

Sample 

Sampled 

12 

Oyster 

SAL 

("O 

Hours* 

Present 

Ratio  (SE) 

Duncan** 

1 

INTER 

7 

17 

E14-15 

NO 

.674  (.022) 

A 

11 

SUB 

7 

18 

— 

YES 

.070  (.002) 

B 

2 

12 

INTER 

12 

24 

S13-14 

YES 

.078  (.004) 

B 

11 

SUB 

12 

24 

— 

YES 

.098  (.004) 

A 

3 

12 

INTER 

6 

1.^ 

E13-14 

NO 

.511  (.055) 

A 

12 

SUB 

6 

14 

— 

YES 

.139  (.057) 

B 

12 

INTER 

4 

14 

S9 

YES 

.074  (.003) 

A 

12 

SUB 

4 

14 

— 

YES 

.076  (.004) 

A 

12 

INTER 

6 

13 

E1.VI4 

NO 

.530  (.052) 

.A 

11 

SUB 

6 

14 

— 

YES 

.063  (.003) 

B 

4 

12 

INTER 

5 

12 

E13-14 

NO 

.484  (.043) 

A 

11 

SUB 

5 

18 

— 

YES 

.066  (.004) 

B 

12 

INTER 

6 

18 

S6 

YES 

.162  (.062) 

A 

11 

SUB 

6 

18 

— 

YES 

.087  (.011) 

A 

11 

INTER 

6 

18 

S9 

YES 

.071  (.001) 

A 

12 

SUB 

6 

18 

— 

YES 

.092  (.011) 

A 

12 

INTER 

4 

13 

E1.V14 

NO 

.477  (.053) 

A 

12 

SUB 

4 

IS 

— 

YES 

.068  (.005) 

B 

'  Approximate  time  intertidal  oysters  were  submersed  (S)  or  exposed  (E)  to  air. 

'■*  Duncan  grouping  compares  sets  of  inter-  and  suhtidal  oysters  collecleiJ  at  the  same  time  aiul  refer  only  to  vvilhm-sample  measurements. 
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TABLE  2. 
Subtidal  oysters  held  out  of  water. 


Figure  1.  UiyesliM'  lul)uk>  in  iiiltrtidal  oj^ters  eniersed  13-15  h.  Note 
wide  lumens  and  low  cuboidal  epithelia. 

(Table  2 1.  As  in  Experiment  1.  all  animals  had  crystalline  styles  at 
time  0.  but  not  at  other  sampling  times.  In  Experiment  3,  tubule 
ratios  in  subtidal  oysters  kept  at  2-3°C  in  a  cooler  stayed  low  for 
48  h  and  were  not  significantly  different  (Table  2).  Also,  all  oys- 
ters sampled  at  time  0  contained  styles,  whereas  those  sampled 
later  did  not. 

Tubule  ratios  from  intertidal  oysters  in  Experiment  4  did  not 
significantly  change  after  17  and  24  h  exposed  to  air  at  28°C 
(Table  3).  Tubule  ratios  from  intertidal  oysters  in  Experiment  3 
also  did  not  change  after  17  and  24  h  exposed  to  air  at  2-3°C 
(Table  3). 
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Figure  2.  I)iyesti\e  tubules  in  subtidal  oysters  collected  while  sub- 
mersed. Note  narrow  lumens  and  columnar  epithelia. 


EXP 

Number 

H*/Temp 

Style 

Ratio  (SE) 

Duncan** 

1 

1  "* 

0/26 

Yes 

.062  (.001) 

B 

hlOAm 

10 

24/27 

No 

.206  (.058) 

A 

11 

48/27 

No 

.188  (.051) 

A 

1 

II 

0/2S 

Yes 

.208  (.051) 

A 

7/17/95 

1  -) 

48/32 

No 

.375  (.064) 

A 

11 

72/32 

No 

.305  (.067) 

A 

.^ 

]2 

0/19 

Yes 

.091  (.007) 

A 

12/16/% 

p 

24/2-3 

No 

092  (.007) 

A 

11 

48/2-3 

No 

.092  (.007) 

A 

*  Number  of  hours  oysters  were  exposed  to  air. 

**  Duncan  grouping  compares  groups  of  subtidal  oysters  collected  over 

time  and  refers  only  to  within-expenment  measurements. 

DISCUSSION 

Field  sampling  demonstrated  that  the  crystalline  style  and  di- 
gestive tubules  in  intertidal  oysters  C.  virginica  undergo  a  syn- 
chronized pattern  of  morphological  changes  related  to  the  tidal 
cycle.  At  high  tides,  when  oysters  are  submerged,  animals  begin  to 
feed,  the  crystalline  style  is  formed,  and  tubule  epithelia  become 
columnar.  At  low  tides,  when  animals  are  emersed,  feeding  ceases, 
the  style  dissolves,  and  tubule  epithelia  become  low  cuboidal. 
Style  dissolution  and  tubule  thinning  occurs  within  13  h  of  emer- 
sion. The  style  reforms  and  tubules  return  to  a  columnar  state 
within  6-9  h  after  resubmersion.  Morton  ( 1970.  1977)  described  a 
similar  rhythm  related  to  feeding  in  intertidal  Pacific  oysters  C. 
gina.s  and  in  Caidiiiin  eiliilc.  Both  species  undergo  style  dissolu- 
tion at  low  tides  accompanied  by  synchronous  cytological  changes 
in  the  majority  of  digestive  tubules.  In  general,  digestive  tubules, 
after  submersion,  were  observed  to  go  through  an  absorptive  and 
digestive  phase  in  which  tubule  epithelia  were  columnar,  followed 
by  breakdown  and  re-formation  phases  upon  emersion  in  which 
tubule  epithelia  became  cuboidal  to  squamous.  In  contrast, 
midtidal  Mylilii.s  edulis  showed  no  morphological  changes  in  di- 
gestive tubules  at  different  tides  (Langton  1975).  The  majority  of 
digestive  tubules  stayed  in  the  absorptive  or  digestive  phase 
throughout  the  tidal  cycle.  This  lack  of  cycling  may  be  because  of 
the  time  of  submersion  and  emersion.  In  midtidal  M.  ediiUs,  sub- 
mersion and  emersion  times  averaged  7  and  5  h,  respectively, 
whereas  intertidal  Crassostrea  species  (and  especially  C.  vir- 
i^iiilca)  in  this  study  were  emersed  for  12-13  h  and  submersed  a 

TABLE  3. 
Intertidal  oysters  held  out  of  water. 


Exp 

Number 

H*/Temp 

Style 

Ratio  (SE) 

Duncan** 

4 

12 

0/28 

Yes 

.224  (.057) 

A 

6/07/95 

12 

17/28 

No 

.405  (.070) 

A 

12 

24/28 

No 

.381  (.079) 

A 

5 

12 

0/19 

Yes 

.086  (.006) 

A 

12/16/96 

II 

17/2-3 

No 

.117  (.035) 

A 

12 

24/2-3 

No 

.118  (.034) 

A 

*  Number  of  hours  oysters  were  exposed  to  air. 

**  Duncan  grouping  compares  groups  of  intertidal  oysters  collected  over 

time  and  refer  only  to  within-experiment  measurements. 
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minimum  of  9  h.  Shorter  times  may  decrease  the  necessity  of 
complete  tubule  cychng  or,  as  Langton  ( 1973)  concludes,  the  last 
two  stages  of  the  cycle  may  be  unrelated  to  the  tidal  cycle.  It  is 
interesting  that  when  mussels  were  starved  for  up  to  6  w,  the 
majority  of  digestive  tubules  remained  in  the  absorptive  and  di- 
gestive stages  with  no  tubule  thinning  (Langton  1975).  This  is  in 
contrast  to  C.  edide  (Owen  1974)  and  C.  gigas  (Morton  1977). 
which  enter  a  holding  phase  consisting  of  thin  tubule  epithelia 
when  the  food  supply  is  exhausted  and  only  enter  the  absorptive 
and  digestive  stages  when  food  is  available  again. 

Tubule  epithelial  thinning  probably  indicates  that  intertidal 
oysters,  even  though  exposed  to  air,  are  capable  of  continued  aero- 
bic metabolism.  Many  bivalves  that  live  at  high  tide  levels  con- 
tinue aerobic  metabolism  by  intermittent  air-gaping,  which  makes 
it  possible  for  aerial  gas  exchange  in  the  mantle  cavity  (Newell 
1976).  Air  gaping  has  been  reported  in  Modiolus  demissiis  (Kuen- 
zler  1961,  Lent  1968),  M.  edidis  (Helm  and  Trueman  1967),  Myri- 
lus  californianus  (Moon  and  Pritchard  1970),  and  Isognomon  ala- 
tiis  (Trueman  and  Lowe  1971 ).  Studies  have  shown  that  aerial  rate 
of  oxygen  consumption  by  M.  ediilis,  M.  galloprovincialis.  C. 
edule,  and  M.  demissiis  was  4%.  17%,  28%,  and  78%,  respectively. 
of  their  aquatic  rate.  The  differences  were  apparently  related  to  the 
degree  of  shell  gape  during  air  exposure  (Widdows  et  al.  1979).  It 
may  be  that  the  continuance  of  aerobic  metabolism  in  intertidal 
oysters  creates  a  nutrient  demand  on  digestive  tubules  and,  since 
they  are  not  feeding,  tubule  epithelia  undergo  thinning.  However, 
once  the  animals  are  resubmersed  by  a  new  tide,  feeding  begins 
with  concomitant  style  formation  and  an  increase  in  tubule  epithe- 
lia thickness. 

In  contrast  to  intertidal  oysters,  subtidal  C.  virginica  .sampled  at 
the  same  time  (high  and  low  tides)  always  had  crystalline  styles 
present  and  showed  the  majority  of  digestive  tubules  to  be  in  the 
absorptive  and  digestive  stages  (columnar  epithelia  and  narrow 
tubule  lumens).  Studies  of  subtidal  bivalves  such  as  Pectin  ina.x- 
iniiis  (Mathers  1976),  Ostrea  edidis  (Wilson  and  LaTouche  1978), 
M.  inercenaria  (Robinson  and  Langton  1980),  and  C.  virginica 
(Winstead  1995),  indicate  that  the  first  two  phases  are  present  the 
majority  of  time  because  feeding  is  probably  a  continuous  process 
based  on  food  availability  (Robinson  and  Langton  1980,  Winstead 
1995).  Previous  studies  have  shown  that  environmental  or  chemi- 
cal stress  can  cause  tubule  thinning  in  subtidal  C.  virginica.  Couch 
(1985)  has  described  the  condition  in  oysters  sampled  from  three 
Gulf  Coast  estuaries  as  a  nonspecific  response  to  stressful  envi- 
ronmental conditions.  Oysters  in  Apalachicola  Bay,  Florida,  ex- 
posed to  a  freshet  from  the  Apalachicola  River  for  3  wk  showed 
significant  tubule  thinning  compared  with  oysters  sampled  just 
before  and  after  the  event  (Winstead  1995).  In  subsequent  labora- 
tory experiments,  columnar  tubule  epithelia  became  low  cuboidal 
to  squamous  within  48  h  after  food  was  withheld.  However,  when 
feeding  was  resumed,  digestive  tubule  epithelia  became  columnar 
again  within  48  h.  As  already  discussed,  digestive  tubules  in  non- 
feeding  intertidal  oysters  may  respond  in  a  similar  manner  when 
exposed  to  air  followed  by  submersion. 

Tubule  thinning  has  been  reported  in  C.  virginica  exposed  to  5 
ppb  polychlorinated  biphenol  (Aroclor  1254)  for  24  wk  in  a  flow- 
through  raw  seawater  system  (Lowe  et  al.  1972)  and  Weis  et  al.. 
(199.^)  reported  the  condition  in  oysters  living  on  wood  pilings 
preserved  with  chroniated  copper  arsenate.  Unfortunately,  it  is  not 
stated  whether  the  animals  were  submersed  or  emersed  when  col- 
lected, a  condition  that  could  have  influenced  the  results.  Wein- 
stein  (1997)  reported  a  lower  average  thickness  of  digestive  epi- 


thelia in  experimental  oysters  exposed  to  100  |jLg  liter- 1  fluoran- 
Ihene  for  21  days.  To  minimize  the  influence  of  nutrient  stress, 
experiinental  animals  were  held  in  static  aquaria  and  fed  an  algal 
paste  twice  daily.  Weinstein  ( 1997)  also  reviews  previous  moUus- 
can  studies  that  reported  tubule  epithelial  thinning  after  being  ex- 
posed to  a  wide  variety  of  contaminants. 

It  is  interesting  that  when  both  subtidal  and  intertidal  oysters 
are  physically  held  out  of  water  at  room  temperature  their  digestive 
tubule  epithelia  do  not  respond  as  radically  as  during  starvation  or 
when  uncovered  naturally  by  the  tide.  It  may  be  that  when  animals 
are  physically  handled  they  respond  by  complete  valve  closure 
followed  by  anaerobic  metabolism.  Bivalves  undergoing  environ- 
mental anaerobiosis  alter  their  metabolic  pathways,  which  reduces 
their  rate  of  metabolism  (Hochachka  and  Somero  1976;  Zwaan  and 
Wijsman  1976,  Gade  1983).  Also,  quiescence  associated  with  bra- 
dycardia has  been  reported  in  subtidal  bivalves  exposed  to  respi- 
ratory stress  (Brand  and  Roberts  1973).  Even  though  collected 
oysters  were  probably  capable  of  air  gaping,  the  process  may  have 
been  limited  because  of  their  physical  disturbance.  Tubule  epithe- 
lia response  is  even  less  dramatic  when  oysters  are  held  in  the  cold. 
A  comparison  between  Experiments  1.  2,  4  vs  3  and  5  demonstrate 
that  keeping  oysters  cold  (after  collection)  helps  retain  the  initial 
histological  structure  of  digestive  tubules  better  than  those  animals 
collected  and  held  at  ambient  temperature.  The  range  of  response 
may  also  depend  on  temperature  and  spawning  stress  because  oys- 
ters collected  in  warm  summer  months  (June  to  July)  during 
spawning  exhibited  initial  tubule  ratios  higher  than  those  sampled 
from  cooler  water  (December)  that  were  not  spawning.  Prevalence 
of  digestive  tubule  atrophy  has  been  reported  to  be  higher  in  oys- 
ters collected  from  northern  Gulf  Coast  estuaries  at  the  end  of 
active  spawning,  (June  to  September)  when  water  temperatures 
were  high,  and  lower  during  late  fall,  winter,  and  spring  (Decem- 
ber to  May)  (Couch  1984.  Fisher  et  al.  1996). 
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EFFECTS  OF  LARVAL  SET  DENSITY  ON  SUBSP:QUENT  GROWTH  AND  SURVIVAL  OF  THE 
SILVER-LIP  PEARL  OYSTER  PINCTADA  MAXIMA  (JAMESON) 


JOSEPH  J.  TAYLOR,'  -*  PAUL  C.  SOUTHGATE,^ 
ROBERT  A.  ROSE,'  AND  ANTHONY  J.  KEEGAN' 

'  Pearl  Oyster  Propagtitors  Ply.  Lid. 
4  Daniels  St. 

Ludmilla.  N.T.  0S20.  Australia 
'Department  of  Aqiiucidtiire 
James  Cook  University 
Townsville.  QUI.  4SI  I.  Australia 

ABSTRACT  Pedneligers  of  the  silver-lip  (or  gold-lip)  pearl  oyster,  Pinaada  maxima,  were  placed  in  15  settlement  vessels  at 
densities  of  0.5,  1.0,  1.5,  or  2.0  larvae/mL  16  days  after  fertilization.  The  number  of  settled  spat  per  100  cm"  was  estimated  on  Day 
23  and  again  on  Day  44.  The  number  of  spat/100  cm"  in  the  1.0  larva/mL  treatment  was  over  double,  and  significantly  greater  (p  < 
0.05)  than  that  in  the  0.5  larva/mL  treatment.  Increases  in  the  number  of  spat  per  100  cm'  were  not  significant  (p  >  0.05)  between  larval 
densities  of  1.0  and  1.5  larvue/mL  and  1.5  and  2.0  larvae/mL.  Highest  mean  survival  was  observed  in  the  0.5  larva/mL  treatment; 
however,  this  was  not  significantly  greater  (p  >  0.051  than  that  in  other  treatments.  By  day  44.  spat  from  the  0.5  larva/mL  treatment 
had  a  mean  antero-posterior  shell  length  (SL)  of  1.87  ±  0.08  mm  and  were  significantly  larger  (p  <  0.05)  than  spat  in  all  other 
treatments.  Spat  in  the  1.0  larv;L/mL  treatment  were  significantly  larger  (p  <  0.05)  than  those  in  the  1.5  or  2.0  larvae/niL  treatments. 
Differences  in  SL  between  the  1.5  and  2.0  larva/mL  treatments  were  not  significantly  different.  Differences  in  size  were  most  likely 
attributable  to  competition  for  space  and  food.  Based  on  the  results  of  this  study,  a  setting  density  of  no  more  than  1.0  larva/mL  is 
recommended  for  P.  ma.xima.  To  maximize  survival  and  growth  of  P.  maxima  spat,  a  density  approximating  70  spat/100  cm"  is 
recommended. 

KEY  WORDS:     Pearl  oyster.  Pinctada  nuixima.  larvae,  settlement,  density 


INTRODUCTION 

A  number  of  factors  affect  settlement  of  bivalve  larvae  includ- 
ing availability  of  suitable  substrata  (Butler  1955,  Cranfield  1970), 
the  presence  of  appropriate  physical  and  chemical  cues  (Keck  et  al. 
1971.  Weiner  et  al.  1989,  Coon  et  al.  1985,  Bourne  et  al.  1989, 
Weiner  et  al.  1989,  Soniat  et  al.  1991 )  and  health  and  competency 
of  the  larvae  (Loosanoff  and  Davis  1963,  Chevolot  et  al.  1991). 
For  hatchery  operators,  the  number  of  larvae  introduced  into  a 
setting  system  is  another  important  factor.  Larval  density  effects 
the  rate  of  settlement,  metamorphosis,  and  post-larval  survival  of 
bivalves  (Bourne  et  al.  1989.  Bourne  and  Hodgson  1991).  The 
density  of  settled  spat  on  collectors,  in  turn,  effects  growth  and 
survival  through  competition  for  space  and  food  (Holliday  et  al. 
1993).  If  spat  are  to  be  left  attached  to  collectors  during  early 
nursery  growout.  then  the  density  of  settled  spat  has  an  important 
influence  on  growth  and  survival  (Taylor  et  al.  1997).  Too  few  spat 
per  unit  collector  is  not  cost  effective,  whereas  very  heavy  set 
numbers  may  effect  survival  and  reduce  growth  rates  of  spat 
(Askew  1978). 

The  effects  of  crowding  during  the  larval  cycle  are  well  known. 
The  number  of  larvae  in  a  given  volume  has  an  optimal  level 
beyond  which  increasing  larval  population  cannot  be  compensated 
for  by  proportional  increa.ses  in  food  availability  (Loosanoff  and 
Davis  1963).  In  view  of  this,  and  the  costs  associated  with  pro- 
ducing bivalve  spat,  there  is  surprisingly  little  information  on  op- 
timal larval  set  densities  for  bivalves.  Bourne  et  al.  (1989)  experi- 
mented with  set  densities  of  0.5-14  larvae/mL  with  the  Japanese 
scallop,  Palinopecten  yessoensis.  and  recommended  a  set  density 
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of  0.5  larvae/mL.  No  similar  information  is  available  for  the  silver- 
lip  pearl  oyster,  Pinctada  maxima,  even  though  there  have  been 
published  accounts  of  P.  maxima  settlement  in  hatcheries  (Rose 
1990.  Rose  and  Baker  1994).  In  commercial  hatcheries  propagat- 
ing P.  maxima,  densities  of  between  1  and  3  larvae/mL  are  com- 
monly used  (J.  J.  Taylor  and  R.  A.  Rose  unpubl  1993  to  1996). 
However,  it  seems  that  increasing  the  number  of  larvae  placed  in 
a  settlement  system  does  not  necessarily  result  in  a  proportional 
increase  in  the  number  of  resulting  spat.  The  aim  of  this  study  was 
to  test  this  hypothesis  and  determine  an  optimal  set  density  for 
larvae  of  P.  maxima. 

MATERIALS  AND  METHODS 

P.  maxima  larvae  were  reared  following  the  general  methods  of 
Rose  (1990).  Twelve  15  L  aquaria,  which  had  been  soaked  in 
seawater  for  2  wk.  were  used  as  settlement  containers.  Inner  sur- 
faces of  the  aquaria  provided  settlement  substrata.  In  addition,  two 
easily  retrieved  Hat  PVC  slats  ( 100  x  75  mm)  were  placed  in  each 
aquarium  to  facilitate  counting  and  observations  of  settled  spat. 
The  aquaria  were  filled  with  10  L  of  seawater  filtered  to  I  |jim 
(nominal).  Sixteen-day-old  pediveliger  larvae  that  had  been  pro- 
duced during  a  routine  production  trial  were  isolated  on  a  200-p.ni 
sieve  and  added  to  the  aquaria  at  different  densities.  Four  density 
treatments,  each  with  four  replicates,  were  assessed:  these  were: 
0.5  larva/mL;  1.0  larva/mL;  1.5  larvae/mL,  and  2.0  larvae/mL. 
Seawater  in  each  aquarium  was  changed  every  2  days,  and  larvae 
that  had  not  yet  settled  were  retained  on  a  200  |j.ni  sieve  and 
returned.  After  the  third  water  change,  seawater  filtered  to  5  |jim 
(nominal)  was  used.  Larvae  were  fed  twice  daily  with  a  mixture 
(on  an  equal  dry  weight  basis)  of  Chaetoceros  muelleri  (CS-176), 
I.sochrysis  aff  i>alhana  (CS-177),  and  Teru.<ielmis  suecica  (CS- 
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187).  Algal  dry  weights  were  obtained  from  literature  values  for 
the  three  microalgal  species  (Nell  and  O'Connor  1991,  O'Connor 
et  al.  1992).  Spat  were  initially  fed  30.000  cells/mL  per  day;  this 
amount  was  increased  by  5.000  cells/mL  per  day  during  the  course 
of  the  experiment  to  approximate  feeding  regimes  used  for  com- 
mercial production.  Algal  stock  (starter)  cultures  were  obtained 
from  the  CSIRO,  Hobart,  Australia  (CSIRO  catalogue  codes 
shown  in  brackets). 

On  Days  23  and  44.  the  number  of  spat  per  100  cm"  was 
estimated  by  removing  the  two  PVC  slats  from  each  aquarium  and 
placing  a  piece  of  clear  plastic  over  the  upper  surface  of  each  slat 
and  counting  the  number  of  spat  in  a  100  cm"  grid  drawn  on  the 
plastic.  The  counts  from  the  two  slats  were  averaged.  The  antero- 
posterior shell  lengths  (SL)  of  10  randomly  selected  spat  from  each 
aquarium  were  measured  weekly  from  Day  23  to  44  using  a  light 
microscope  fitted  with  a  calibrated  eyepiece. 

All  experimental  data  were  compared  using  one-way  ANOVA 
(Sokal  and  Rohlf  1981)  with  means  compared  using  Fisher's  Pro- 
tected Least  Significant  Difference  (PLSD)  test  from  the  StatView 
statistical  program,  version  4.5,  for  Macintosh  computers  (Abacus 
Concepts,  StatView,  1995).  Homogeneity  of  variances  was  con- 
firmed with  Cochran's  test  (Snedcore  and  Cochran  1967). 

RESULTS 

The  mean  (±S.E.)  number  of  spat  per  100  cnr  on  Day  23  and 
Day  44  at  each  of  the  four  larval  densities  is  shown  in  Figure  1 . 
After  Day  23,  the  lowest  number  of  spat  on  the  PVC  slats  (67  ±  7 
spat  per  100  cm")  was  found  in  the  0.5  larva/mL  treatment.  This 
value  was  significantly  lower  than  in  all  other  treatments  (p  < 
0.05).  Larvae  stocked  at  a  density  of  1/mL  resulted  in  spat  at  a 
mean  density  of  220  ±  18  per  100  cm",  whereas  those  stocked  at 
1 .5/mL  produced  spat  at  a  mean  density  of  296  ±  50  per  100  cm". 
There  was  no  significant  difference  in  the  density  of  spat  between 
these  two  treatments.  Larvae  stocked  at  a  density  of  2/mL  resulted 
in  a  spat  density  of  321  ±  31  per  100  cm"  at  Day  23.  Although 
this  value  was  significantly  greater  than  that  of  the  1 .0/mL  treat- 
ment (p  <  0.05)  it  did  not  differ  significantly  from  that  of  the 
1.5/mL  treatment  (p  >  0.05).  This  pattern  was  the  same  on  Day  23 
and  Day  44. 

The  high  level  of  variation  between  replicates  other  than  0.5 
larva/mL  treatment  made  statistical  analysis  of  survival  data  be- 
tween the  two  sampling  periods  difficult.  However,  highest  sur- 
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vival  was  84.43  ±  2.69%  (mean  ±  S.E.)  at  a  set  density  of  0.5 
larvae/mL.  Mean  survival  of  spat  from  the  1.0  larvae/mL,  1.5 
larvae/mL  and  2.0  larvae/mL  treatments  were  72.9  ±  10.3%,  63.7 
±  10.5%,  and  65.7  ±  9.5%,  respectively. 

There  were,  however,  significant  differences  (p  <  0.05)  in  SL 
between  treatments  (Fig.  2).  Differences  in  size  were  apparent  on 
Day  23.  By  Day  44,  spat  in  the  0.5  larva/mL  treatment  were 
significantly  larger  (p  <  0.05)  than  spat  in  any  other  treatment.  Spat 
in  the  1 .0  larv;i/mL  treatment  were  significantly  larger  than  those 
in  either  the  1 .5  or  2.0  larvae/mL  treatments.  There  was  no  sig- 
nificant difference  (p  >  0.05)  in  the  SL  of  spat  in  the  1.5  and  2.0 
larvae/mL  treatments. 

DISCUSSION 

Although  the  lowest  larval  density  (0.5  larva/mL)  produced  the 
smallest  number  of  spat  per  100  cm",  it  resulted  in  the  best  growth 
in  terms  of  shell  length  and  highest  survival.  The  increase  in  the 
number  of  spat  per  1 00  cm"  from  a  larval  density  of  1 .0  larva/mL 
was  more  than  double,  and  significantly  greater,  than  that  for  a 
larval  density  of  0.5  larva/mL.  Further  increases  in  larval  densities 
to  1.5  larvae/mL  and  2.0  larvae/mL  did  not  bring  about  a  propor- 
tional increase  in  the  number  of  resulting  spat.  This  implies  that 
setting  P.  maxima  larvae  at  densities  greater  than  1/mL  is  not  an 
efficient  means  of  increasing  spat  production.  Bourne  et  al.  ( 1989) 
and  Bourne  and  Hodgson  (1991)  reported  similar  results  with  the 
scallop,  P.  yessoensis,  when  survival  of  larvae  during  metamor- 
phosis was  higher  at  a  density  of  1.0  larva/mL  than  at  a  density  of 
0.5  larva/mL;  however,  further  increases  in  larval  density  at  settle- 
ment had  a  negative  effect  on  survival.  Early  studies  by  Bourne  et 
al.  ( 1989)  recommended  that  set  densities  for  P.  yessoensis  should 
be  no  higher  than  2  larvae/mL;  however,  this  was  later  reduced  to 
0.5  larva/mL  after  further  research  (Bourne  and  Hodgson  1991). 

The  large  variation  in  survival  within  treatments  for  larval  den- 
sities of  1.0.  1.5,  and  2.0  larvae/mL.  suggests  that  the  ability  to 
predict  settlement  numbers  becomes  increasingly  more  difficult 
above  a  setting  density  of  0.5  larva/mL.  In  commercial  setting 
operations  with  P.  maxima  larvae,  large  variations  in  spat  recovery 
were  observed  at  larval  densities  between  2.0  and  3.0  larvae/mL 
with  heavy  mortality  experienced  in  some  settlement  tanks  but  not 
others  (J.  J.  Taylor,  unpubl  data  1994  to  1996).  Excessively  heavy 
settlement  may  predispose  spat  to  mortality  after  slight  environ- 
mental changes  that  in  normal  circumstances  would  not  be  a  prob- 
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Figure  1.  Mean  (±S.E.)  spat  density  on  Day  2.1  and  44  after  fertiliza- 
tion resulting  from  different  larval  stocliing  den.silies.  Values  with  the 
same  superscript  for  eacli  day  do  not  differ  significantly  (p  >  0.05). 
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Figure  2.  Mean  (±S.K.)  antero-posterior  shell  length  (SL)  of  P.  maxima 
spat  sot  at  different  stocking  densities  at  2,1,  30,  .17,  and  44  days  after 
ferlili/.alion.  Values  with  the  same  superscript  for  each  day  do  not 
differ  significantly  (p  >  0.05). 
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leni.  This  may  result  trom  ihe  increased  population  pressure  on 
limited  resources  such  as  food,  space,  and  water  quality. 

Increasing  the  numbers  of  spat  on  collectors  detrimentally  af- 
fected growth  and  survi\'al  of  P.  ma.\ima  in  sea-based  nursery 
systems  and  produced  higher  incidences  of  growth  deformity 
(Taylor  et  al.  1997).  Taylor  et  al.  (1997)  reported  a  decline  in  the 
growth  and  survival  of  P.  maxima  when  stocking  density  was 
increased  from  1..^  spat  per  100  cm"  to  20  spat  per  100  cnr.  Both 
these  densities  are  well  below  that  of  this  study.  Similarly,  heavy 
natural  settlement  of  Sydney  rock  oysters,  Saccostrea  commercia- 
lis.  has  been  shown  to  contribute  to  mortality  during  nursery  rear- 
ing (Holliday  et  al.  1993). 

P.  maxima  spat  settled  at  the  two  highest  densities  ( 1.5  and  2.0 
larvae/mL)  were  significantly  larger  than  those  in  the  two  lower 
densities  (0.5  and  1.0  larva/mL)  on  Day  23.  This  difference  in  size 
may  be  attributable  to  differences  in  the  rate  of  settlement  between 
treatments.  Larvae  at  higher  densities  may  have  settled  and  meta- 
morphosed more  quickly  than  those  at  lower  densities,  possibly  as 
a  result  of  a  higher  concentration  of  a  settlement  triggering  sub- 
stance. During  settlement,  a  mucous  is  produced  by  P.  maxima 
larvae,  which  becomes  most  obvious  when  they  are  held  at  higher 
densities.  This  mucous  may  contain  chemical  cues  that  help  induce 
settlement.  A  variety  of  natural  and  synthetic  chemicals  that  trigger 
settlement  in  bivalves  have  been  described  (Keck  et  al.  1971. 
Weiner  and  Colwell  1982.  Coon  et  al.  1985,  Bourne  et  al.  1989, 
Weiner  et  al.  1989.  Soniat  et  al.  1991.  Chevolot  et  al.  1991.  Pas- 


cual  and  Zampatti  1995).  As  the  experiment  progressed,  differ- 
ences in  spat  density  began  to  affect  their  growth  and,  by  Day  44, 
spat  at  the  lowest  density  (0.5  larva/mL)  were  significantly  larger 
than  the  spat  in  all  other  treatments.  As  all  treatment  received  the 
same  micro-algal  ration,  competition  for  food  could  account  for 
much  of  the  observed  differences  in  size  at  the  end  of  the  study. 
This  is  the  first  study  on  larval  set  density  for  P.  maxima  and 
the  results  will  provide  a  useful  guide  for  commercial  hatcheries. 
For  efficient  production  of  P.  maxima  spat,  the  results  of  this  study 
indicate  that  a  larval  density  at  settlement  of  no  more  than  1.0 
larva/mL  is  optimal.  The  results  also  indicate  that  a  spat  density 
approximating  70  spat/100  cnr  maximizes  growth  and  survival  in 
the  hatchery.  However,  it  should  be  noted  that  variability  in  spat 
recovery  and  survival  has  been  recorded  in  commercial  setting 
operations  with  P.  maxima  (J.  J.  Taylor,  unpubl  data  1994  to 
1996).  Whereas  the  data  presented  here  provide  a  guide  for  com- 
mercial hatcheries,  further  research  with  different  batches  of  larvae 
and  at  different  times  of  the  year  is  required  before  definite  con- 
clusions are  made. 
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ABSTRACT  The  Stone  crab  Homahispis  pUina  supports  an  important  artisanal  fishery  along  the  coast  of  Chile.  The  objectives  of  this 
study  were  to  analyze  the  trends  in  crab  catches  and  CPUE  between  1991  and  1994  in  open  access  fishing  areas  of  Central  Chile  and 
to  compare  the  size  and  sex  composition  of  the  catches  for  two  alternative  fishing  gears.  We  explored  three  different  CPUEs.  because 
abundance  indicators  have  not  been  used  before  for  this  fishery.  In  addition,  we  compared  the  CPUE,  the  crab  size  distribution,  and 
the  sex  ratio  between  open  access  fishing  grounds  and  Management  and  Exploitation  Areas  (private  grounds).  Stone  crab  catches 
decreased  between  1991  and  1994  in  open  access  areas.  The  Stone  crab  is  caught  with  crab  pots  and  by  divers,  and  no  differences  in 
mean  crab  size  were  found  between  fishing  gears  in  El  Quisco.  The  proportion  of  males  caught  in  crab  pots  is  higher  than  that  caught 
by  divers,  and  the  proportion  of  ovigerous  females  was  lower  in  crab  pots.  The  CPUE  (catch  per  trip)  also  decreased  between  1991 
and  1994  in  open  access  fishing  grounds.  We  analyzed  alternative  CPUEs  that  could  be  used  for  crab  as  well  as  for  other  benthic 
species.  We  show  that  the  CPUEHours  (catch  per  hour)  is  affected  by  the  number  of  species  caught,  which  suggests  the  importance 
of  taking  this  factor  into  account.  The  CPUETarget  (catch  per  hour  corrected  by  the  number  of  target  species)  is  not  affected  by  the 
number  of  species  caught  (target  and/or  bycatch)  because  this  estimator  considers  the  time  allocation  for  the  main  species  collected. 
The  latter  may  be  a  more  appropriate  indicator.  No  differences  in  CPUE  between  open  access  grounds  and  Management  and 
Exploitation  Areas  (private  grounds)  were  observed.  The  size  distribution  of  crabs  in  open  access  fishing  grounds  and  in  Management 
and  Exploitation  Areas  was  not  significantly  different;  females  predominated  in  both  areas  (>90%).  Previous  studies  conducted  in 
Management  and  Exploitation  Areas  focused  on  sessile  or  sedentary  species,  and  clearly  showed  the  effect  of  human  activity  (removal) 
on  the  abundance  and  size  of  exploited  species,  compared  with  open  access  zones.  The  lack  of  differences  in  CPUE,  crab  size,  and 
proportion  of  sexes  between  open  access  zones  and  Management  and  Exploitation  Areas  suggests  that  mobile  species  may  offer  a  new 
challenge  to  the  management  tools  recently  implemented  by  the  Chilean  Fisheries  Administration. 

KEY  WORDS:     Homalaspis  plana,  crab,  fishery,  artisanal.  Chile 


INTRODUCTION 

The  Stone  crab  HomalMpis  plana  (Milne-Edwards,  1934)  is 
distributed  from  Guayaquil  (Ecuador)  to  the  Magallanes  Strait  and 
Isla  Juan  Fernandez,  Chile  (Garth  1957),  between  the  intertidal 
zone  and  272  m  (Henriquez  and  Bahamonde  1976).  This  crab 
species  supports  an  impoilant  artisanal  fishery  along  the  coast  of 
Chile.  The  fishei^  is  open  all  year  without  any  limitation  in  total 
catches:  the  only  regulations  are  size  limit  (>120  mm  carapace 
width)  and  ovigerous  females  (Bustamante  and  Castilla  1987).  The 
current  status  of  the  Chilean  Stone  crab  population  is  unknown, 
because  of  the  lack  of  systematic  catch  statistics.  Furthermore,  the 
proportions  of  ovigerous  females  and  undersize  crabs  caught  are 
also  unknown,  because  regulations  are  not  properly  enforced. 

The  major  gaps  in  understanding  the  multispecies  artisanal 
fisheries  in  Chile  are  the  extreme  interest  for  locos  (Concholepas 
concholepas)  and  the  lack  of  population  abundance  indicators.  The 
simultaneous  catch  of  several  invertebrate  species  in  each  fishing 
trip  presents  difficulties  for  the  estimate  and  use  of  abundance 
indicators.  Besides,  information  on  catch  and  effort  is  rarely  avail- 
able for  most  of  the  species  targeted  by  the  artisanal  fishery.  One 
of  the  few  exceptions  is  Caleta  El  Quisco  (33°23'S.  71°42'W), 
located  in  Central  Chile,  where  catch  and  effort  data  for  the  main 
species  exploited  started  to  be  collected  in  1991,  as  a  new  Man- 


*Current  address:  Miriam  Fernandez.  Alfred-wegener-lnstitut  Colum- 
bustr.,  D-2-4568  Bremerhaven.  Germany. 


agement  and  Exploitation  Area  (MEA)  was  created.  Most  of  the 
catch  statistics  come  from  open  access  fishing  grounds,  because 
the  MEA  is  closed  to  the  fishery.  Since  1991,  the  MEA  was 
opened  only  to  the  loco  fishery  during  the  ban  lifting,  and  crabs 
were  first  and  only  harvested  in  199.'>  during  a  limited  time  ( 1  day). 
This  work  is  the  first  approach  to  analyze  the  artisanal.  Stone 
crab  fishery  in  Chile.  The  study  was  conducted  in  open  access  and 
closed  fishing  areas  in  Central  Chile,  and  the  objectives  were  as 
follows: 

( 1 )  to  examine  the  trend  in  catches  and  CPUE  at  the  local  scale 
(Caleta  El  Quisco)  between  1991  and  1994.  We  conducted 
an  exploratory  analysis  in  order  to  obtain  an  indicator  of 
crab  abundance  for  the  multispecies,  artisanal  fishery.  We 
think  that  the  CPUE  indicators  explored  here  are  also  of 
importance  for  their  potential  use  for  other  benthic  re- 
sources. We  also  think  that  the  analysis  of  catch  data  at  a 
local  scale  may  have  implications  on  a  larger  scale,  because 
the  same  fishing  gear  is  used  along  the  coast  of  Chile. 

(2)  to  compare  the  catch  composition  (crab  size  and  sex)  be- 
tween two  fishing  gears  (crab  pots  and  divers).  This  analy- 
sis is  of  interest  to  assess  the  effect  of  each  fishing  gear  on 
sublegal — size  individuals  and  ovigerous  females. 

( 3 )  to  study  the  effect  of  the  MEA  on  the  size  structure  and  sex 
ratio  of  the  Stone  crab  population.  This  result  is  relevant 
from  the  perspective  of  the  new  management  tools  recently 
implemented  in  Chile.  The  use  of  the  MEA  is  a  novel, 
alternative  management  strategy  still  under  experimenta- 
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tion  (Payne  and  Castilla  1994.  Castilla  et  al.  in  press).  The 
implementation  of  the  MEAs  was  based  on  studies  con- 
ducted in  a  marine  reserve  in  Central  Chile  on  sessile  and 
sedentary  species  (Castilla  and  Duran  1985,  Duran  et  al. 
1987,  Duran  and  Castilla  19S9,  Castilla  and  Bustamante 
1989,  Castilla  1990,  Oliva  and  Castilla  1990,  Oliva  and 
Castilla  1992).  However,  some  of  the  benthic  species  tar- 
geted by  the  MEA  are  highly  mobile,  among  them  our 
study  species,  the  Stone  crab. 


MATERIALS  AND  METHODS 


Study  Site 


Our  study  site  is  located  in  Caleta  El  Quisco,  Central  Chile 
(Fig.  1).  In  Chile,  fishermen  are  organized  in  unions  within  Cale- 
tas.  The  El  Quisco  Union  is  very  well  organized  and  took  legal 
possession  of  an  MEA  in  1993  (for  details  about  MEAs,  see  Payne 
and  Castilla  1994,  Castilla  and  Pino  1996,  Ca.stilla  et  al.  in  press). 
However,  the  union  had  totally  banned  (unilaterally)  diving  activi- 
ties on  a  coastal  area  of  57  ha  of  sea  bottom  (3  ha  intertidal,  54  ha 
subtidal)  2  years  before  (1991).  Since  then,  this  area  has  not  been 
exploited  for  most  benthic  resources,  except  for  three  extractions 
of  locos  during  the  ban  lifting  for  this  species  (Payne  and  Castilla 
1994,  Castilla  et  al.  in  press). 

Open  access  fishing  grounds  exploited  by  fishermen  of  El 
Quisco  are  located  up  to  60  min  sailing  time  north  or  south  from 


the  landing  harbor  and  the  El  Quisco  MEA  (EQ;  Fig.  1,  Table  1). 
The  southern  fishing  grounds  are  located  near  another  MEA,  as- 
signed to  the  Fishermen  Union  of  Las  Cruces  in  1993  (LC,  Fig.  1). 
The  MEA  of  Algarrobo  is  located  toward  the  north.  (A,  Fig.  1). 
Fishermen  of  Las  Cruces  do  not  comply  with  the  fishing  restric- 
tions for  the  MEA  as  in  El  Quisco  and  Algarrobo. 

Data  Set 

Catch  data  for  all  of  the  species  landed  in  El  Quisco  have  been 
recorded  since  1991  by  the  Fishermen  Union.  Catch  data  are  re- 
ported by  species  (in  numbers  and/or  weight)  per  trip;  for  the  Stone 
crab,  catches  are  reported  in  numbers.  We  investigated  the  fishing 
trips  in  which  crab  was  the  only  or  among  the  most  important 
species  caught.  The  information  about  other  species  caught  is  not 
presented  here  but  was  used  to  estimate  CPUE  (see  CPUE  esti- 
mates). Effort  data  consisted  of  total  time  spent  at  sea  (diving  time 
was  not  available  in  the  data  set).  The  fishing  grounds  visited  were 
also  recorded.  Crab  pots  were  not  included  in  this  analysis  because 
this  fishing  gear  has  recently  been  introduced. 

CPUE  Estimates 

One  of  the  ntain  problems  faced  by  the  managers  of  the  arti- 
sanal  fishery  in  Chile  is  the  difficulty  in  estimating  abundance 
indicators.  On  the  basis  of  the  data  available  in  El  Quisco,  we 
explored  several  crab  abundance  indicators  that  could  also  be  ap- 
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Figure  L  Map  showing  tlie  regions  for  which  catches  are  reported  and  flshinj;  grounds  for  the  study  area  in  Central  Chile,  The  codes  used  for 
r.sliing  grounds  indicate:  (.  (El  (Jallol,  M  (Mirasoll.  A  (Algarrobo),  PB  (I'eiia  HIanca),  T  (Los  Toros),  TR  ( Toribiol,  EQ  (El  Quisco,  landing 
!;vcation),  L  (Los  Lobos),  TQ  (Tablaque).  IL  (I'unta  Traica).  IN  (Isia  Negral.  and  IB  (Kl  labo).  Shaded  zones  indicate  MEAs  (EI  Quisco  and 
i .  )s  Cruces).  Dots  indicate  coastal  towns  and  the  Marine  Reserve  of  Las  Cruces.  Q,  Caleta  Quinlay  MEA. 
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TABLE  1. 
Most  common  fishing  grounds  used  by  fishermen  of  El  Quisto  (explored  more  than  six  times)  between  1991  and  1994. 


Fishing  (".rounds 

1991 

1992 

1993 

1994 

Location 

S.  Time 

Weather 

%  Trips 

CPUE 

%  Trips 

CPUE 

%  Trips 

CPUE 

%  Trips 

CPUE 

Gallo 

60  N 

7 

0.8 

10.1 

192.0 

0.7 

5.6 

235.0 

MiruMil 

SON 

20 

8.7 

91.7 

12.7 

99.7 

Pena  Blanca 

15  N 

10 

4.3 

102.5 

4.2 

Los  Toros 

ION 

20 

5.4 

94.4 

7.4 

127.5 

(1.7 

1.4 

Toribio 

ION 

19 

8.2 

98.0 

10.2 

115.5 

5.3 

108.7 

18.3 

56.0 

El  Quisco 

0 

no  data 

7.8 

89.7 

9.1 

76.8 

10.0 

86.0 

8.4 

68.0 

Lobos 

20  S 

21 

10.1 

82.7 

11.6 

102.8 

10.7 

113.0 

8.4 

50.1 

Tablaque 

30  S 

20 

3.1 

101.5 

4.9 

116.1 

8.7 

121.5 

11.3 

74.4 

Punta  Tralca 

40  S 

19 

16.7 

121.5 

12.9 

153.6 

16.7 

111.7 

23.9 

93.2 

Isla  Negra 

50  S 

13 

11.3 

107.3 

10.9 

114.9 

24.0 

108.3 

7.0 

62.4 

El  Tabo 

13 

31.5 

120.9 

17.9 

123.6 

14,7 

94.5 

2.8 

100.0 

Sailing  time  (minutes)  to  fishing  ground.s  located  north  or  south  from  the  harbor  (El  Quisco)  and  average  number  of  days  with  favorable  weather 
conditions  for  fishing  operations  are  reported.  Both  were  estimated  on  the  basis  of  a  survey  conducted  among  fishermen.  The  percentage  of  trips  made 
to  each  ground  per  year  and  CPUE  are  also  reported. 


plied  to  other  species  targeted  by  the  artisanal  fishery.  This  analy- 
sis was  conducted  to  assess  the  value  of  different  indicators  of  crab 
abundance. 

The  simplest  abundance  indicator  used  was  catch  per  trip  (here- 
after. CPUE).  The  second  abundance  indicator  uses  hours  at  sea  as 
effort  (CPUEHours).  The  nuniber  of  species  caught  per  trip  varied; 
divers  collect  not  only  crabs,  but  also  other  species  (e.g.,  litnpets, 
loco,  sea  urchins).  The  species  diversity  of  the  catches  may  be  due 
to  random  opportunities  during  diving  and/or  sales  opportunities 
(specific  targets).  Thus,  several  species  may  be  caught  per  hour  or 
trip,  but  only  some  of  them  can  be  considered  target  species.  The 
remaining  species  can  be  considered  bycatch  (they  represent  a 
minimum  proportion  of  the  catch).  Taking  into  consideration  the 
way  the  fishery  operates,  a  third  indicator  of  abundance  was  esti- 
mated (CPUETarget)  using  the  number  of  target  species  and  hours 
at  sea  (crabs/[hours/number  of  target  species]).  This  estimator  as- 
sumes equal  time  allocation  for  each  species  targeted. 

In  order  to  determine  what  could  be  considered  a  target  species, 
we  classified  the  number  of  species  caught  into  four  categories:  ( I ) 
other  species  was/were  the  target,  and  crabs  were  the  bycatch;  (2) 
crabs  were  the  target,  and  all  other  species  collected  were  the 
bycatch;  (3)  two  species  were  targeted  (crabs  plus  another);  and  (4) 
three  species  were  targeted  (crabs  plus  two  other  species).  We 
determined  if  a  species  was  a  target  or  bycatch  based  on  our 
knowledge  of  '"minimum"  average  potential  catches  by  species, 
when  that  species  is  the  target.  Species  were  considered  bycatch  if 
the  diver  had  collected:  <15  kg  offish,  <50  kg  of  tunicates  (Pyura 
chilensis).  <30  kg  of  limpets  (Fissiirella  spp.),  <I00  sea  urchins 
(Lo.xechiniis  albus).  <30  kg  of  mussels  (Myliliis  chilensis  and 
Clwromxtilus  chorus).  Species  were  considered  target  if  ( I )  they 
dominated  the  catch  (catch  twice  as  high  as  the  limit  used  to 
consider  that  species  bycatch).  and/or  (2)  for  crabs,  more  than  50 
crabs  per  trip  were  caught. 

Two-way  analyses  of  variance  ( ANOVAs)  were  used  to  test  the 
effect  of  number  of  species  caught  (up  to  three)  and  time  (years)  on 
the  different  types  of  abundance  indicators  (CPUE,  CPUEHours, 
and  CPUETarget).  Natural  log  transformations  were  used  in 
CPUEHours.  to  correct  for  heterocedasticity.  Multiple  range  tests 
(LSD  approximation)  were  used  for  a  posteriori  comparison  across 
means.  The  trend  in  catches  and  CPUE  in  Caleta  El  Quisco  were 


examined  on  a  monthly  and  annual  basis.  We  identified  the  fishing 
grounds  where  the  fishery  operated  between  1991  and  1994,  ana- 
lyzed trends  in  the  exploitation  of  different  fishing  grounds,  and 
discussed  factors  that  could  produce  a  differential  use  of  effort  in 
space. 

The  Effect  of  Fishing  Gears 

The  Stone  crab  is  mostly  caught  using  two  fishing  gears:  crab 
pots  and  divers,  operating  either  from  fishing  boats  or  from  the 
shore.  Shellfish  food  gatherers  that  operate  in  the  intertidal  zone 
may  also  collect  crabs  (mostly  unreported  catches),  but  we  have 
focused  our  study  only  on  those  fishing  gears  that  account  for  most 
of  the  catches.  Crab  pots  were  introduced  in  Caletas  El  Quisco  and 
Las  Cruces  as  an  alternative  fishing  gear  in  1994. 

Crabs  landed  in  Caleta  El  Quisco  (EQ,  Fig.  1)  and  Caleta  Las 
Cruces  (LC,  Fig.  1)  between  October  1994  and  February  1995 
were  measured  and  sexed,  in  order  to  compare  the  catch  compo- 
sition (crab  size  and  sex  ratio)  between  two  fishing  gears  (crab  pots 
and  divers).  We  report  the  proportion  of  ovigerous  females,  sexes, 
and  undersized  crabs. 

Crab  Size  and  Sex  Ratio  in  Open  Access  Zones  and  MEAs 

In  April  1995.  the  El  Quisco  MEA  (Fig.  I )  was  opened  for  a 
I -day  extraction.  This  event  allowed  us  to  study  the  effect  of  the 
Management  and  Exploitation  Areas  for  Benlhic  Resources  on  the 
Stone  crab  population  size  structure  and  sex  ratio. 

During  the  ban  lifting,  there  were  42  registered  divers  in  El 
Quisco  Union.  Each  fishermen  had  a  quota  for  three  species;  the 
quota  for  the  Stone  crab  was  50  crabs  per  diver.  Eighteen  divers 
extracted  the  quota  (or  part);  catch  per  diver,  crab  size,  and  sex 
were  recorded.  We  estimated  CPUE  in  the  El  Quisco  MEA.  Sev- 
eral resources  were  extracted  simultaneously,  and  when  there  were 
multiple  targets,  crabs  were  usually  the  bycatch.  Thus,  the  com- 
parison of  CPUE  (catch  per  trip)  considering  the  effect  of  multi- 
species  targets  was  not  possible.  However,  in  some  cases,  only 
crabs  were  harvested,  and  the  CPUEDive  (catch  per  unit  of  diving 
time)  was  estimated.  No  statistical  comparisons  between  CPUEs 
in  open  access  fishing  grounds  and  MEA  were  conducted,  because 
of  the  differences  in  the  abundance  indicators.  The  CPUEHours 
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Figure  2.  (A)  Monthly  crab  catches  (numbers)  between  1991  and  1994 
landed  in  El  Quisco;  horizontal  lines  (right  v-axis)  indicate  total  annual 
catch.  (B)  Monthly  CPUE  (catch  in  numbers  per  trip)  between  1991 
and  1994;  horizontal  lines  (right  y-axis)  indicate  mean  annual  CPUE. 
The  CPUE  was  calculated  by  pooling  the  catches  for  different  numbers 
of  target  species. 


not  vary  between  1991  and  1994.  Although  a  decrease  in  the 
catches  may  have  occurred,  there  was  also  a  large  proportion  of 
unreported  catches  in  1994. 

The  annual  CPUE  also  showed  a  declining  trend,  although  the 
decrease  between  1992  (X  =  129.4)  and  1994  (X  =  82.6)  was 
?<6%  (ANOVA:  F  =  7.3.  df  =  3.668,  p  <  0.0001;  Fig.  2B).  The 
number  of  species  caught  did  not  have  any  effect  on  CPUE 
(ANOVA:  F  =  2.5.  df  =  2.668.  p  =  0.08;  Fig.  3A).  The  CPUE- 
Hours  was  also  significantly  different  across  years  (ANOVA:  F  = 
9.8,  df  =  3,668,  p  <  0.00001 )  and  was  affected  by  the  number  of 
species  caught  (ANOVA:  F  =  13.3,  df  =  2,668,  p  <  0.00001;  Fig. 
3B).  The  lowest  CPUEHours  corresponded  to  1994  and  1991,  and 
the  highest  corresponded  to  1992  and  1993  (Fig.  3B).  The  CPUE- 
Hours was  lowest  when  three  species  were  caught,  intermediate 
when  two  species  were  harvested,  and  highest  when  only  crabs 
were  caught.  The  CPUETarget  was  also  significantly  different 
across  years  (ANOVA:  F  =  7.6,  df  =  3,668,  p  =  0.0009;  Fig. 
3C).  The  highest  estimates  were  found  for  1992  and  1993,  and  the 
lowest  were  found  for  1991  and  1994  (p  <  0.05).  The  CPUETarget 
was  not  affected  by  the  number  of  species  caught  (F  =  2.35,  df  = 
2,668.  p  =  0.1). 

The  CPUEHours  was  also  compared  across  months  for  the  4 
years.  Although  there  were  statistically  significant  differences 
within  year,  no  clear,  consistent  pattern  across  years  was  found 
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is  expected  to  produce  lower  estimates,  because  sailing  and  han- 
dling time  were  included,  whereas  only  diving  time  was  used  for 
CPUEDive. 

Crab  size  distribution,  mean  size  by  sex,  and  sex  composition 
were  compared  between  open  access  zones  and  the  MEA  of  El 
Quisco.  Only  one  fishing  gear  was  compared  (divers).  Crabs  were 
also  measured  in  open  access  zones  and  in  Las  Cruces  MEA  (Fig. 
1)  between  October  1994  and  April  1995.  In  order  to  avoid  con- 
founding effects  due  to  fishing  gears,  the  most  frequent  fishing 
gear  in  Las  Cruces  (crab  pots)  was  chosen  for  the  comparison. 
Although  depth  may  account  for  differences  in  sex  ratio,  it  was  not 
included  in  this  analysis. 

RESULTS 

Exploratory  Analysis  of  Alternative  Abundance  Indicatnrs  and  Trends 
in  Catches  and  CPUE  Between  1991  and  1994 

There  was  a  sharp  decline  in  lolal  crab  catches  in  Caleta  El 
Quisco  between  1991  and  1994.  Annual  catches  were  similar  in 
1991  and  1992  (35,416  and  36,526  crabs,  respectively),  but  the 
monthly  pattern  differed  (Fig.  2A).  In  1991.  the  monthly  distribu- 
tion of  the  catches  was  more  homogeneous  than  in  1992,  when 
most  of  the  activity  occurred  in  January  and  February  (Fig.  2A).  In 
1993.  the  annual  catch  decreased  more  than  50%.  and  a  10-fold 
decrease  occurred  between  1991  to  1992  and  1994.  The  price  did 


1991  1992  1993  1994 

Figure  }.  .\bundance  indicators  estimated  for  El  Quisco  area  combin- 
ing all  fishing  grounds  and  divers  between  1991  and  1994  when  only 
crabs  are  the  target  species  and  when  two  and  three  species  are  tar- 
geted (including  crabs).  (A)  CPUE  (catch  per  tripl;  (B)  CPUEHours 
(catch  per  hour  at  sea);  (C)  CPUETarget  (catch  per  hour  at  sea  cor- 
rected bv  the  number  of  target  species). 
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(Fi".  2B).  In  IQQI ,  several  homogeneous  groups  were  delected;  the 
highest  CPL'EHours  were  found  belween  August  and  March,  and 
the  lowest  were  found  ui  the  winter  (June  and  July).  Surveys 
conducted  among  fishermen  of  El  Quisco  showed  that  fishermen 
observed  the  lowest  abundance  of  crabs  in  the  winter.  In  1992.  the 
highest  CPUEs  were  found  between  January  and  May.  and  the 
lowest  were  found  between  September  and  December.  No  clear 
patterns  were  found  in  1993  and  1994. 

The  pattern  of  CPUE  among  fishing  grounds  was  also  explored. 
The  rationale  for  this  analysis  was  that  fishing  activities  in  the 
vicinity  of  the  MEA  may  affect  the  abundance  of  mobile  species  in 
the  closed  areas.  In  1991  and  1992.  there  was  a  tendency  to  exploit 
some  fishing  grounds  located  toward  the  south  of  the  landing  site 
(mostly  Punta  Tralca  and  El  Tabo;  Fig.  1  and  Table  1 ),  whereas  in 
1993  and  1994.  the  preference  was  not  clear  and  fishing  grounds 
located  toward  the  north,  or  closer  to  the  landing  site  (EQ).  were 
also  fished  (Table  1).  The  fishing  ground  of  El  Gallo  and  Pena 
Blanca  showed  a  low  percentage  of  fishing  trips,  probably  because 
of  the  low  probabilities  of  favorable  weather  conditions  (Table  I ). 
The  patterns  of  interest  that  appeared  from  this  analysis  were  that: 
(I )  the  most  productive  fishing  grounds  (TQ.  TL.  TB;  Table  1 )  are 
located  toward  the  south,  where  the  highest  percentage  of  trips 
were  reported:  (2)  multispecific  targets  were  found  in  the  most 
productive  fishing  grounds  of  Punta  Tralca.  Tablaque.  and  El 
Tabo:  and  (3)  the  three  fishing  grounds  located  closer  to  the  marine 
reserve  are  mostly  monospecifics,  crabs  being  the  main  species 
harvested.  A  decrease  in  CPUE  was  observed  in  these  fishing 
grounds  in  1994  (Table  1).  The  three  abundance  indicators  were 
also  compared  across  years  belween  the  two  most  visited,  and  also 
very  producUve.  fishing  grounds:  Punta  Tralca  and  El  Tabo.  No 
differences  were  found  in  any  of  the  comparisons  (p  always 
>0.05). 


The  Effect  of  Fishing  Gears 

Mean  size,  the  proportion  of  undersized  individuals  in  the 
catch,  the  sex  ratio,  and  the  proportion  of  ovigerous  females  were 
estimated  for  catches  landed  in  Las  Cruces  and  El  Quisco  between 
October  1994  and  February  1995.  In  El  Quisco.  mean  crab  size 
ranged  between  1 11.7  mm  (standard  deviation  [SD]  =  10.3.  crab 
pots)  and  1 12.9  mm  (SD  =  10.7.  diver.  ANOVA:  F  =  0.4.  df  = 
2.736,  p  =  0.69).  and  only  25%  of  the  catch  was  composed  of 
legal-sized  individuals  OlIO  mm).  The  percentage  of  males 
caught  in  crab  pots  was  higher  (13%)  than  that  caught  by  divers 
(4-6%).  whereas  the  proportion  of  ovigerous  females  was  lowest 
in  crab  pots  (0.06%).  intermediate  for  hooka-divers  (8%).  and 
highest  for  coastal  divers  (43%). 

The  main  fishing  gear  identified  in  Las  Cruces  was  crab  pots: 
they  can  be  deployed  from  a  boat  or  by  skin  divers  from  the  shore. 
Mean  crab  size  was  smaller  when  the  crab  pots  were  deployed  by 
divers  from  the  shore  (X  =  94.9  mm.  SD  =  9.7:  ANOVA:  F  = 
158.6.  df  =  1 .390.  p  <  0.00001 ).  Most  of  the  catch  was  composed 
of  undersized  individuals  (9970  and  a  high  proportion  of  males 
(26%);  no  ovigerous  females  were  caught.  Mean  crab  size  was 
larger  for  crab  pots  operated  from  a  boat  in  the  same  fishing 
ground  ( 108.2  mm.  SD  =  10.9):  14%  of  the  catch  was  composed 
of  legal-sized  individuals.  The  proportions  of  males  (24%)  and 
ovigerous  females  caught  (0.09%)  were  similar  to  those  found  in 
the  shallow  subtidal  crab  pots. 


Comparison  in  Catches  and  Size  Between  Open  Access  Zones  and 
the  MEAs 

The  size  distributions  of  crabs  collected  by  divers  in  open  ac- 
cess zones  and  the  MEA  of  El  Quisco  were  not  significantly  dif- 
ferent (KS:  DN  =  0.13,  p  =  0.198:  Fig.  4A  and  B):  females 
predominated  in  the  MEA  (90.6%)  and  open  access  zones  (94%). 
The  same  pattern  was  observed  in  Las  Cruces  (KS:  DN  =  0.15.  p 
=  0.18;  Fig.  4C  and  D).  although  more  males  were  present  (be- 
tween 17%  in  the  MEA  and  23%  in  open  access  zones).  The  size 
frequency  distribution  was  also  significantly  different  between  El 
Quisco  (X  =  111.7,  SD  =  10.29)  and  Las  Cruces  (X  =  108.1 
mm,  SD  =  10.9,  KS:  DN  =  0.22,  p  <  0.0001).  Crabs  harvested 
with  crab  pots  in  both  sites  were  used  for  the  latter  comparison. 

During  the  one-time  harvest  of  crabs,  conducted  in  April  1995 
in  El  Quisco.  it  was  possible  to  estimate  catch  per  hour  of  diving 
(CPUEDive).  The  average  CPUEDive  was  36.03  (crabs  per  hour 
when  crabs  were  the  only  target.  SD  =  26.05)  and  varied  between 
the  subzones  of  the  MEA.  When  two  species  were  targeted,  the 
CPUEDive  was  42.5  (SD  =  24.4).  but  the  number  of  species 
targeted  had  no  effect  on  the  CPUEDive  (ANOVA:  F  =  0.27.  df 
=   1.24.  p  =  0.61). 

DISCUSSION 

The  Stone  crab  represents  an  important  resource  for  the  Chilean 
artisanal  fishery,  comparable  with  the  current  landings  (in  tons)  of 
limpets,  locos,  and  some  species  of  clams  (SERNAP).  On  the  basis 
of  the  data  available  at  the  national  level,  the  Stone  crab  is  the  third 
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Figure  4.  Size  distribution  by  sex  in  two  MEAs:  (A)  El  Quisco  and  (C) 
Las  Cruces  and  nearby  open  access  fishing  grounds;  (B)  El  Quisco  and 
(D)  Las  Cruces.  In  Las  Cruces,  only  crab  pots  were  used;  in  El  Quisco, 
only  crabs  collected  by  divers  were  considered. 
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most  important  crab  species  exploited  in  Chile,  accounting  for 
13-16%  of  crab  annual  catches  (SERNAP).  The  Stone  crab  is  the 
most  important  crab  species  harvested  between  the  III  and  IV 
Regions  and  among  the  most  important  crab  species  in  our  study 
area  (V  Region).  Annual  catches  of  El  Quisco  represented  10%  of 
the  catches  in  the  V  Region  in  1991  and  15%  in  1992  and  de- 
creased to  7  and  3%  in  1993  and  1994,  respectively. 

Between  1991  and  1994.  there  was  a  decrease  in  the  percentage 
of  Stone  crab  versus  other  crab  species  caught  in  the  V  region 
(SERNAP)  and  in  El  Quisco.  On  the  basis  of  samples  conducted  in 
just  one  location  in  Central  Chile  (El  Quisco),  we  could  observe 
that  the  fishery  statistics  may  show  a  dramatic  underestimation  of 
the  current  catch  levels  of  the  Stone  crabs,  as  well  as  of  other 
species.  We  compared  the  crab  data  that  we  collected  between 
October  1994  and  April  1995  with  those  recorded  by  the  Fisher- 
men Union,  in  order  to  estimate  if  the  observed  decreasing  trend  in 
catches  was  related  to  unreported  cases.  The  proportion  of  unre- 
ported catches  cannot  be  compared  over  time,  but  between  October 
1994  and  April  1995.  85%  of  the  crab  catches  were  not  reported 
and  similar  observations  were  made  for  other  species.  El  Quisco  is 
probably  one  of  the  locations  where  catch  statistics  are  more  reli- 
able. A  high  proportion  of  unreported  catches  may  not  be  exclusive 
to  the  Chilean  artisanal  fishery,  but  we  think  that  it  is  important  to 
emphasize  that  the  actual  crab  catches  may  be  much  higher  than 
official  reports. 

The  main  characteristic  of  the  Chilean  artisanal  fishery  is  the 
diversification  of  fishing  effort.  Hooka-divers  target  on  several 
benthic  invertebrates,  depending  on  fishing  and  sales  opportuni- 
ties. Despite  the  low  capacity  to  improve  the  fishing  efficiency  in 
this  artisanal  fishery,  and  the  diversification  of  effort  among  spe- 
cies, some  species  have  been  overexploited  (e.g.,  loco,  Castilla  et 
al.  in  press),  others  showed  dramatic  reduction  in  size  (e.g.,  key- 
hole limpets,  Pino  and  Castilla  1995;  sea  urchin.  Castilla  and  Pino 
1996),  and  the  Stone  crab  in  Central  Chile  shows  a  decline  in 
CPUE.  Stock  as.sessments  have  been  conducted  for  some  resources 
at  the  national  level  (e.g.,  loco,  sea  urchin),  and  quotas  or  bans 
applied  in  some  cases.  However,  the  curtent  level  of  exploitation 
of  several  benthic  resources  in  Chile  is  unknown  and  poorly  regu- 
lated. In  fact,  in  our  study  area,  most  of  the  Stone  crab  landings  are 
composed  of  illegal-sized  individuals  (more  than  75%).  Similar 
percentages  have  been  reported  for  other  locations  in  Central  Chile 
(Mendoza  et  al.  1994).  On  the  basis  of  the  limited  data  available 
about  the  biology  of  the  species,  females  could  reproduce  only 
once  before  reaching  the  legal  size.  Considering  the  low  proportion 
of  males  in  the  population,  and  the  high  proportion  of  undersize 
individuals  caught,  it  can  be  suggested  that  some  females  may 
enter  the  fishery  even  before  reproducing. 

In  all  of  the  locations  sampled,  the  proportion  of  males  is 
remarkably  low  and  is  comparable  to  observations  made  in  south- 
ern Chile.  In  other  MEAs  of  the  V  Region,  however,  a  high  pro- 
portion of  males  has  been  found  (1:1  to  2  male:  I  female.  Mendoza 
et  al.  1994).  Differences  in  sex  ratios  between  El  Quisco  and  Las 
Cruces  may  be  due  to  the  different  fishing  gears  used  among 
locations  but.  in  any  case,  reflect  a  low  proportion  of  males.  How- 
ever, on  the  basis  of  the  information  available,  it  cannot  be  staled 
that  the  differences  in  sex  ratio  are  due  to  harvesting.  The  Stone 
crab  uses  shelters  in  rocky  habitats,  which  may  be  a  limiting  re- 
source. A  potential  for  polyginic  mating  systems  exists  when 
.nales  monopolize  a  limiting  resource  (Emlen  and  Oring  1977). 
..us,  the  high  proportion  of  females  may  also  be  explained  by  the 


mating  system  of  this  species.  Carvacho  et  al.  (1995)  stated  that  a 
polyginic  mating  system  in  the  Stone  crab  can  be  suggested  by  the 
early  chelae  development  in  males. 

The  estimation  of  abundance  indicators  for  the  Chilean  artisa- 
nal fisheries  has  been  challenged  by  the  difficulties  in  obtaining 
reliable  catch  statistics,  by  the  lack  of  effort  data  in  most  cases,  and 
also  by  the  multiple  invertebrate  species  targeted  (Bustamante  and 
Castilla  1987).  Here,  we  present  alternative  CPUEs  that  could  be 
used  for  crab  as  well  as  for  other  benthic  species.  We  show  that  the 
CPUEHours  is  affected  by  the  number  of  species  caught,  which 
suggests  the  importance  of  taking  this  factor  into  account.  The 
CPUETarget  is  not  affected  by  the  number  of  species  caught  (tar- 
get and/or  bycatch)  because  this  estimator  considers  the  time  al- 
location for  the  main  species  collected.  The  latter  may  be  a  more 
appropriate  indicator,  because  otherwise,  the  abundance  indicator 
may  underestimate  the  actual  abundance,  or  show  higher  variabil- 
ity depending  on  the  differences  in  number  of  species  caught.  It  is 
worth  noticing  that  the  CPUETarget  is  higher  when  two  or  more 
species  are  collected.  It  may  be  because  the  most  productive  fish- 
ing grounds  (highest  CPUE)  are  multispecific.  and  time  is  opti- 
mized by  harvesting  several  species  than  by  searching  for  one 
specific  target. 

Although  fishermen  observation  and  CPUE  trends  indicate  that, 
overall,  the  crab  stock  is  declining,  this  tendency  could  not  be 
observed  at  the  fishing  ground  scale.  The  effect  of  harvesting  on 
the  most  visited  fishing  ground  could  not  be  statistically  detected 
on  the  basis  of  CPUE  or  CPUEHours  until  1993.  However,  there 
was  a  trend  to  exploit  more  crabs  near  the  MEA  in  1993  and  1994, 
and  in  those  specific  fishing  grounds  the  CPUE  decreased  in  1994. 
This  pattern  of  exploitation  may  have  an  effect  on  the  crab  abun- 
dance in  the  MEA.  which  does  not  show  an  increase  in  abundance 
as  in  sessile  species.  The  CPUEDive  estimated  when  crabs  were 
the  only  target  was  comparable  to  that  estimated  in  open  fishing 
grounds  (36.03  in  the  MEA.  and  from  17  to  29  in  open  fishing 
grounds).  It  should  be  noticed  that  the  CPUE  for  the  MEA  was 
estimated  using  diving  time  as  effort  rather  than  total  time  (which 
includes  diving,  handling,  and  sailing  times). 

Size  and  sex  ratio  data  collected  in  open  fishing  grounds  are 
comparable  to  those  recorded  for  the  MEAs  of  El  Quisco  and  Las 
Cruces.  It  is  worth  noticing,  however,  that  the  harvest  strategy  and 
the  fishing  gear  in  both  locations  are  completely  different.  El 
Quisco  MEA  has  been  closed  for  the  last  3  y,  whereas  Las  Crtices 
MEA  could  be  considered  as  an  open  access  fishing  ground.  Thus, 
the  effect  of  harvesting  on  crab  size  could  not  be  observed,  irre- 
spective of  the  management  strategies  for  the  MEAs. 

The  lack  of  differences  in  crab  size,  sex  ratio,  and  CPUE  be- 
tween open  access  fishing  grounds  and  MEAs.  and  the  lack  of 
harvest  effect  at  the  fishing  ground  scale,  suggest  that  the  mobile 
characteristic  of  crabs  may  set  new  challenges  to  the  new  tTshing 
strategy  implemented  by  the  Chilean  Fisheries  Administration. 
The  use  of  MEAs  was  based  on  studies  about  the  human  effect  on 
the  intertidal  community.  Those  studies,  mostly  directed  toward 
sessile  or  relatively  sedentary  species,  clearly  showed  the  effect  of 
human  harvesting  on  species  abundance  and  size  (Castilla  and 
Duran  1985.  Duran  and  Castilla  1989.  Duran  et  al.  1987.  Castilla 
1990,  Oliva  and  Castilla  1990,  Oliva  and  Castilla  1992).  Recent 
studies  conducted  at  El  Quisco  showed  higher  CPUE  and  size  of 
sea  urchins,  keyhole  limpets,  and  locos  located  in  the  MEA  com- 
pared with  the  open  access  fishing  ground  (Pino  and  Castilla  1995, 
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Castilla  and  Pino  1996.  Castilla  et  al.  in  press).  However,  this 
pattern  was  not  observed  for  crabs. 

The  underlying  assumptions  of  the  new  Fishing  Law  are  that 
the  MEAs  can  maintain  juvenile  and  aduU  production  of  several 
species  and  contain  enough  adults  to  export  larvae  to  surrounding 
areas.  Higher  production  of  adult  crabs  has  not  occuned  in  El 
Quisco  MEA.  Furthermore,  studies  currently  underway  to  examine 
habitat  requirements  of  juvenile  Stone  crab  have  shown  that  El 
Quisco  MEA  ranked  among  the  lowest  in  juvenile  habitat  quality, 
because  extreme  exposure  to  wave  impact  (M.  Fernandez  unpub- 
lished). Thus,  two  of  the  underlying  assumptions  of  the  MEAs 
have  not  been  met  in  our  study  area  for  the  Stone  crab. 

Our  analysis  shows  that  Stone  crab  abundance  is  declining  in 
the  vicinity  of  El  Quisco  and  that  the  MEA  of  El  Quisco  may  not 
meet  the  restocking  objective  for  this  species.  Despite  the  ambigu- 
ous perspective  of  the  use  of  MEAs  as  a  management  strategy  of 
mobile  benthic  resources,  this  study  represents  the  first  approach  to 
address  this  issue.  We  think  that  the  new  comanagement  tools 
implemented  by  the  Chilean  Fishery  and  Aquaculture  Law  may 


provide  an  opportunity  to  study  the  Stone  crab  population,  not  only 
contrasting  the  MEAs  to  open  access  zones,  but  also  allowing  for 
experimentation. 
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ABSTRACT  The  goal  of  this  work  was  to  examine  the  OLXurrence  of  brachyurans  in  soft  bottom  sublittoral  habitats  and  their 
association  with  some  environmental  factors.  The  relative  abundance  of  crabs  in  two  depth  strata  (from  4.5  to  9  m  and  from  9  to  18 
m)  was  quantified.  Crabs  were  collected  with  an  otter-trawl  with  3.7  m  of  mouth  opening  and  12-mm  mesh  in  the  cod  end.  Monthly 
sampling,  consisted  of  a  single  trawl  in  each  stratum  during  a  1-yr  period,  were  carried  out.  Fifteen  brachyuran  and  six  anomuran 
species  were  found,  including  Callinectes  omalus  Ordway.  1863;  Callinectes  danae  Smith,  1869;  Hepatus  pudibundus  (Herbst,  1785); 
Libinia  spinosa  H.  Milne-Edwards.  1834;  Persephona  punctata  (Linnaeus,  1758).  and  P-  meditenanea  (Herbst,  1794),  which  were  the 
most  abundant  and  frequent  in  the  area.  The  most  abundant  swimming  crabs  in  both  strata  were  C  omalus  and  C.  danae.  Size 
differences  in  C.  omalus  were  observed  between  strata,  suggesting  a  spatial  separation  of  juveniles  and  adult  crabs. 

KEY  WORDS:     ecology,  portunid,  Callinectes.  subtropical  region 


INTRODUCTION 

Early  contributions  on  decapod  crabs  ecology  from  the  South 
America's  eastern  coast  were  obtained  pritnarily  through  oceano- 
graphic  expeditions  (Melo  1985).  In  spite  of  the  importance  of 
studying  the  reproductive  potential  and  managing  the  fishery  of  the 
commercially  exploited  species,  the  biology  of  crabs  occurring 
along  the  Southeastern  Brazilian  coast  has  been  studied  poorly. 
Some  work,  however,  has  been  conducted  including  Tommasi 
( 1967).  Fomens  1 1969),  Abreu  (1980),  Pita  et  al.  ( 1983a),  Pita  et 
al.  (1985b),  Moreira  et  al.  (1988),  Branco  et  al.  (1990),  and 
Negreiros-Fransozo  and  Fransozo  (1995).  Melo  (1996)  and  Melo 
et  al.  (1989)  examined  material  from  several  surveys  and  expedi- 
tions and  have  written  the  most  complete  contributions  to  the 
taxonomy,  distribution,  and  ecological  patterns  of  the  Brachyura  of 
this  area. 

Environmental  factors  and  the  intra-  and  interspecific  relation- 
ships of  benthic  organisms  have  been  considered  to  be  extremely 
important  in  influencing  the  abundance  and  distributional  patterns 
of  marine  species.  Sediment  type  may  be  an  important  factor  on 
the  distribution  of  benthic  organisms  (Long  and  Lewis  1987, 
Buchanan  and  Stoner  1988,  and  Ishikawa  1989).  This  assertion  is 
supported  by  different  colonizations  of  the  rocky  and  the  sandy  or 
muddy  bottoms  (Krebs  1972,  Gouvea  1986a,  Gouvea  1986b; 
Negreiros-Fransozo  et  al.  1991,  and  Fransozo  et  al.,  1992). 

Studies  of  brachyuran  distribution  pattern  associated  with  en- 
vironmental factors  in  the  Ubatuba  region  are  scarce.  There  are  a 
few  papers  that  exist  on  this  aspect:  Fransozo  et  al.  ( 1992),  studied 
the  composition  and  distribution  of  brachyurans  in  the  sublittoral 
of  Fortaleza  Bay  and  Negreiros-Fransozo  et  al.  ( 1992)  investigated 
the  same  aspect  for  a  restricted  area  in  Flamengo  Bay.  In  both 
cases,  they  found  significant  correlations  between  the  abundance 
of  certain  crab  species  and  environmental  factors  such  as  granu- 
lometric  composition  and  organic  content  of  the  bottom  sediment. 

The  occurrence  of  other  decapod,  the  penaeoidean  shrimps,  in 
the  Ubatuba  Bay  was  simultaneously  studied  by  Nakagaki  et  al. 
(1995). 


The  brachyuran's  abundance  in  the  sublittoral  of  Ubatuba  bay 
and  its  association  with  depth,  bottom  temperature  and  salinity, 
granulometric  composition,  and  organic  content  of  the  sediment 
are  investigated  in  this  research.  This  contribution  is  part  of  a 
larger  research  program  devoted  to  decapods  from  Sao  Paulo 
coast,  which  is  conducted  by  NEBECC — Instituto  de  Biociencias 
and  Centro  de  Aquicultura — Universidade  Estadual  Paulista — 
UNESP, 

MATERIAL  AND  METHODS 

Monthly  samples  (n  =  1 )  were  collected  from  October  1992  to 
September  1993  in  the  Ubatuba  Bay  area  (Fig.  1).  Samples  were 
obtained  with  a  shrimp  fishery  boat  equipped  with  an  otter-trawl 
with  3.7  m  of  mouth  opening  and  1 2-mm  mesh  in  the  cod  end.  The 
total  area  sampled  at  each  depth  was  88,800  m"  for  the  entire 
study.  Two  parallel  transects  of  2  km  were  made  at  different 
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Figure  1.  Ubatuba  bay  indicating  the  collecting  sites. 


293 


294 


Negreiros-Fransozo  and  Nakagaki 


0)     20 


28 

7 

20 

J 

/ 

/ 

—  Samplo-- 

-10- 

USP 

- 

- 

ZO 

y 

II 

1992 


5 
1993 


Months/  Ysar 
Figure  2.  Daily  mean  bottom  water  temperature  from  October  1992  to 
September  1993  in  the  shallow  site  and  monthly  mean  surface  water 
temperature  along  the  year  obtained  by  Oceanographic  Institute  sta- 
tion, USP. 

depths.  The  distance  between  transects  was  3.2  km.  The  shallow 
transect  ranged  from  4.5  to  9.0  m  and  the  deeper  one  was  at  9. 1  to 
18.0  m  depth.  The  shallower  site  was  intluenced  by  freshwater, 
since  it  was  located  near  the  drainage  of  four  small  rivers,  whereas 
the  deep  stratum  was  mainly  influenced  by  oceanic  waters. 

Crabs  were  sorted,  identified,  counted  and  the  sex  determined. 
For  portunids  the  carapace  width,  excluding  the  lateral  teeth,  was 
measured  with  a  caliper  (0.01  mm). 

TABLE  1. 

Number  of  individuals/1, 000  nr  captured  in  Ubatuba  bay  from 
October  1992  to  September  1993. 


Strata 


Family 


Species 


Portunidae  Calliiiecles  ornutin  Ordway,  1S63 

Callinecles  danae  Smith,  1869 
CaUinectes  sapidiis  Rathbun,  1896 
Arenaeus  cribrarius  (Lamarck.  1818) 
Portumis  spinimaniis  LatreiUe,  1819 
Porlumis  spinicarpiis  (Stimpson, 

1871) 
Leucosiidae        Persephona  punctata  (Linnaeus, 

1758) 
Persephona  nieiliterranea 

(Herbst.  1794) 
Persephona  lichteinsteinii  Leach.  1817 
Majidae  Libinia  spinosa  H.  Milne-Edwards, 

1834 
Microphr\'s  bicornutits  (Latreille, 

1825) 
Pyromaia  tnl'erciilata  (Lockington, 

1876) 
Hepalus  piiihbunchis  (Herbst,  1785) 
Hypoconcha  arcuata  (Stimpson.  1858) 
Hexapanopeus  paulensis  Rathbun. 

1930 
DarJanns  insignis  (Saussure,  1858) 
Petrochirus  diogenes  (Linnaeus. 

1758) 
Isocheles  saway  (Moreira,  1906) 
Lo-xopai^urifs  loxoeheles  (Moreira. 

1901) 
Paguridae  Pagiirus  exilis  (BenetixcX.  1892) 

P'.ircellanidae     Porcellana  sayana  (Leach,  1820) 
TOTAL 


Calappidae 
Dromiidae 
Xanthidae 

Diogenidae 


Shallow 

Deep 

8.47 

2.44 

1.9 

0.82 

0.03 

0 

0 

0.24 

0.07 

0.28 

0.03 

0 

0.68 

0.09 

0.07 

0.48 

0.1 

0.03 

0.17 

0.85 

0.03 

0 

0.01 

0 

2.09 

1.93 

0.01 

0 

0.01 

0.01 

0.01 

0.09 

0.07 

0.01 

0 

0.0 1 

0.03 

0.11 

0.06 

0.25 

0.03 

0.01 

13.87 

7.65 

10       11        12        1         2         3         4         5         6         7         8         9 
1992  I  1993 

MonthA'ear 


I  Shallow   I       I  Deep 


Figure 
lecting 


3.  Abundance  of  CaUinectes  ornatus  in  each  month  and  col- 
stratum. 


Depth,  bottom  temperature  and  salinity,  granulometric  compo- 
sition, and  organic  bottom  contents  of  the  sediments  were  ana- 
lyzed. The  bottom  temperature  and  salinity  values  of  each  site 
were  compared  by  one  way  analysis  of  variance  (p  <  0.05). 

The  density  of  crabs  was  calculated  for  1 ,000  m"  to  facilitate 
comparison. 

The  diversity  of  crabs  from  each  stratum  was  compared  using 
the  Shannon-Weaver  diversity  index,  according  to  Poole  (1974): 


1=1 

where.  ,s  is  the  number  of  species,  and  />,  is  the  proportion  of  the 
total  number  of  individuals  of  the  /th  species.  In  this  case  natural 
logarithms  were  used.  The  null  hypothesis.  H,,:?!',  =  W -..  was 
tested  by  a  I  test  at  the  5%  significance  level. 
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Figure  4.  Abundance  of  CaUinectes  danae  in  each  month  and  collect- 
ing stratum. 
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Figure  5.  .\bundance  of  Hepatus  pudibiindus  in  each  month  and  col- 
lecting stratum. 

For  C.  ornatus.  monthly  median  size  differences  were  tested  for 
each  month  between  strata  and  among  seasons  in  each  stratum 
using  a  Mann- Whitney  (p  <  0.05)  and  a  Kruskal-Wallis  test  (p  < 
0.001).  respectively.  Those  statistical  procedures  were  performed 
according  to  Siegel  (1975). 

RESULTS 

Water  temperature  and  salinity  during  the  study  period  did  not 
differ  among  strata  (p  <  0.05)  may  be  attributable  to  the  proximity 
of  the  analysed  sites  and  a  good  circulation  of  the  water  in  the  area. 
In  the  study  sites  the  combined  temperature  and  salinity  for  both 
strata  were  23.16  ±  2.79°C  and  34.4  ±  0.7%(,  respectively.  The 
mean  depth  was  7.6  ±  1.28  m  in  the  shallow  area  and  14.62  ±  0.74 
m  in  the  deep  area.  In  general,  our  temperature  data  (Fig.  2)  was 
not  significantly  different  from  that  obtained  daily  by  the  Institute 
Oceanografico — Universidade  de  Sao  Paulo  (lO-USP)  near  there, 
except  during  December  1992.  when  the  temperature  registered  in 
Ubatuba  Bay  was  S^C  lower. 

The  sediments  were  dominated  by  sand  with  a  mean  grain  size 
of  0.292  ±  0.1 18  mm  and  1 1.66  ±  2.149?-  organic  contents  in  the 
shallow  stratum,  whereas  the  deeper  one  consisted  of  very  fine 
sand  (0.109  ±  0.019  mm)  and  2.97  ±  0.61%  organic  contents. 

During  this  study  15  brachyuran  crab  species  in  six  families 
were  found.  Additionally,  six  species  of  anomurans  were  captured, 
too.  The  most  abundant  and  frequent  species  were:  Callinecles 
ornatus.  C.  danae.  Hepatus  puihhundus.  Lihinia  spinosa.  Perse- 
phona  punctata,  and  P.  mediterranea  (Table  I ). 

TABLE  2. 
Shannon-Weaver  diversity  index  calculated  for  each  stratum. 


Stratum 

N 

s 

H' 

E(H') 

Var(H') 

J 

Shallow 
Deep 

1212 
639 

14 
10 

1.210 
1.732 

1.205* 

1.725* 

0.004 
0.001 

0.459 
0.752 

N  =  number  of  individuals;  s  =  number  of  species;  H'  =  calculated 
diversity  index;  E(H')  =  expected  diversity  index;  Var(H')  =  variance;  J 
=  eveness;  *  statistical  difference  (p  <  0.05). 
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6.  Boxplots  representing  size  frequency  distribution  of  cara- 
idth  in  Callinecles  ornatus  from  in  Ubatuba  bay,  Sao  Paulo, 


Some  species  were  more  abundant  in  the  shallow  water  site  (C. 
ornatus.  C.  danae.  P.  punctata,  and  H.  pudibundus)  whereas  others 
as  Arenaeus  cribrarius  (Lamarck.  1818).  Portunus  spinimanus  La- 
treille.  1819.  P.  mediterranea.  and  L.  spinosa  were  more  abundant 
at  deeper  water.  The  relative  abundance  of  each  crab  species  in  the 
Bay  is  presented  in  Table  1. 

The  abundance  of  H.  pudibundus.  P.  punctata,  and  P.  mediter- 
ranea was  similar  in  both  strata  throughout  the  year.  The  blue 
crabs,  C.  ornatus  and  C.  danae.  were  the  most  abundant  portunids 
in  both  strata. 

With  reference  to  seasonal  occurrence,  the  more  frequent  spe- 
cies during  the  year  were  C.  ornatus  and  H.  pudibundus  (Fig.  3  and 
4).  In  contrast,  C.  danae  was  always  present  in  the  shallower  area, 
but  occurred  in  deeper  water  only  during  the  autumn  and  winter 
(Fig.  5).  The  majid  L.  spinosa  presented  an  opposite  pattern,  being 
more  abundant  in  the  deeper  area  during  October,  November,  De- 
cember, and  July. 

The  diversity  index  obtained  for  each  stratum  is  presented  in 
Table  2.  The  deep  stratum  showed  significantly  higher  diversity 
and  eveness  indexes  (p  <  0.01)  than  the  shallow  stratum. 

Boxplots  representing  size  frequency  distributions  in  C.  orna- 
tus. in  each  stratum  are  presented  in  Figure  6.  The  Mann-Whitney 
analyses  revealed  that  the  size  of  this  swiinming  crab  differed 
between  strata  during  summer  and  spring  (Table  3). 

Kruskal-Wallis  analyses  detected  significant  differences  of  C. 
ornatus  size  among  year-seasons  in  the  shallow  stratum  but  no 
such  differences  were  verified  in  the  deep  stratum  (Table  4). 

The  molt  activity  {%)  of  C.  ornatus  in  each  area  during  the 
various  seasons  is  represented  in  Table  5.  Higher  rates  of  swim- 

TABLE  3. 

Mann-Whitney  analysis  for  C.  ornatus  size  comparisons  in  each 
season  between  strata  in  Ubatuba  bay. 


Strata 
Seasons 

Swimming 
Crab  Median 
Size  (mm)  for 
Shallow  Site 

Swimming 
Crab  Median 

Size  (mm) 
for  Deep  Site 

Statistical 

Test 

Result 

Probability 

Spring 
Summer 
Autumn 
Wmter 

41.6 
49.9 
29.5 
33.0 

54.2 
52.4 
42.6 
44.9 

3.00 
3.00 
1.53 
1.40 

p  <  0.01 
p  <  0.01 

NS 
NS 
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TABLE  4. 

Kruskal-Wallis  results  for  C.  ornaliis  size  comparisons  among 
seasons  in  each  sampled  stratum. 


Strata 


Seasons 


Number  of 
Individuals 


Median 
Size  (mm) 


s 

H 

Summer 

A 

Autumn 

L 

Winter 

L 

Spring 

O 

w 

x' 

85.74*** 

D 

Summer 

E 

Autumn 

E 

Winter 

P 

Spring 

X" 

7.94  NS 

163 
176 
166 
226 


33 
94 
28 
58 


41.6a* 
49.9a 
29.5b 
33.0c 


p  <  0.001 

54.2 
52.4 
42.6 
44.9 
p  >  0.05 


*  values  with  the  same  letter  in  the  column  did  not  ditter  statistically  within 
the  stratum, 

ming  crabs  in  molt  activity  were  found  during  the  winter  and 
spring  in  both  strata. 

The  highest  percents  of  juvenile  individuals  for  C.  Jciiuif  and 
C.  omatus  were  always  found  in  the  shallow  area  (Table  6|. 

The  Table  7  pre.sents  the  ovigerous-ratio  in  C.  danae  and  C 
cirnatiis  in  each  stratum  during  various  seasons.  Ovigerous  C.  or- 
iKitiis  females  were  not  found  during  the  winter  in  either  strata, 
whereas  C.  danae  occurred  in  all  sampled  seasons.  The  highest 
ovigerous-ratio  of  both  species  were  registered  during  summer  in 
the  shallow  area.  Nevertheless,  the  number  of  C.  ornatus  ovigerous 
females  were  too  low  to  define  reproductive  patterns.  The  oviger- 
ous-ratio in  C.  danae  was  higher  during  spring  and  summer  in  the 
deep  and  shallow  stratum,  respectively. 

DISCUSSION 

Temperature  and  salinity  were  siinilar  at  both  sites,  but  other 
parameters  may  be  sufficiently  distinct  to  affect  the  distribution  of 
brachyuran  crabs.  The  shallow  site  contains  higher  organic  matter 
than  the  deep  one,  probably  attributable  to  the  accumulation  of 
organic  material  from  the  Atlantic  forest  and  domestic  debris. 

According  to  some  authors  (Holme  1949,  Sanders  1958,  Fran- 
sozo  et  al.  1992),  the  differential  occurrence  of  soft  bottom  benthic 
species  may  be  associated  with  certain  environmental  factors,  such 
as  the  granulometric  composition  and  organic  contents  of  bottotn 
sediments. 

AiTiong  the  environmental  factors,  temperature  was  the  most 
variable  during  the  year.  The  decrease  of  water  temperature  in 
summer  months  could  be  explained  by  the  entrance  of  the  South 
Atlantic  Central  Waters  current  (Pires-Vanin  1989),  since  our  data 

TABLE  5. 
Molt  activity  (%)  in  C.  ornatm  in  each  stratum. 


Strata 


Spring 


Summer 


Autumn 


Winter 


.' jlluw 
n;-.:n 


43.59 
50.01 


S.9X 
6.06 


19.87 
4.12 


69.15 

73.33 


TABLE  6. 
Percentage  of  juvenile  crabs  in  C  ornatus  and  C  danae  populations. 


Species 


Strata         Spring        Summer        .\utumn 


Winter 


C  Onmlus        Shallow  60.34  55.69  64.77  78.18 

Deep  46.56  36.36  42,86  62.11 

C.  Dwiae           Shallow  17.91  14.16  27.89  14.78 

Deep  0  0  6.28  11.93 


were  obtained  near  the  bottom.  The  difference  found  in  the  diver- 
sity inde.x  confirm  that  these  strata  provide  different  conditions  for 
the  establishment  of  benthic  organisms. 

C.  ornatus  is  by  far  most  abundant  brachyuran  in  tlie  sublittoral 
sediments  of  the  inner  portion  of  the  continental  shelf  near 
Ubatuba.  Its  abundance  in  the  Ubatuba  region  has  been  noted  in 
previous  works  (Fransozo  et  al.  1992,  Negreiros-Fransozo  and 
Fransozo  1995,  Negreiros-Fransozo  et  al.  1992), 

According  to  van  Engel  (1958),  C.  sapidus  mates  in  the  estu- 
aries during  early  spring;  females  migrate  to  more  saline  waters  in 
early  summer  to  spawn  and  hatch  their  larvae,  which  return  to  the 
estuaries  as  late  zoeal  or  megalopal  stages  before  the  end  of  sum- 
mer. The  life  history  cycle  of  C.  danae  probably  follows  similar 
pattern  as  C.  sapidus,  and  might  explain  the  constancy  of  C.  danae 
in  the  shallow  portion  of  the  bay  where  freshwater  influx  occurs. 
This  area  may  serve  as  a  nursery  ground  where  juvenile  crabs  feed 
and  grow  and  predatlon  may  be  reduced. 

Searching  for  organic  material  could  explain  the  occurrence  of 
smaller  switnming  crabs  in  shallow  water  during  some  months. 
This  foraging  behavior  will  be  replaced  by  agonistic  behavior  re- 
lated to  food  competition  in  adults. 

Differential  occupation  of  the  habitat  by  intertidal  crabs  inhab- 
iting salt  marshes  and  rocky  shores  has  been  reported  by  Spivak  et 
al.  (1994)  and  Flores  (1996).  respectively.  Regarding  soft  bottom 
cominunities.  Mines  et  al.  (1987)  studying  the  population  dynamics 
and  habitat  partitioning,  suggested  that  the  movement  of  juvenile 
CaUinectes  sapidus  into  low  salinity  areas  during  warm  months 
provided  access  to  productive  estuaries  for  feeding  during  the 
rapid  growth  phase. 

Despite  the  data  presented  here,  the  habitat  partitioning  by 
CaUinectes  species  is  probably  much  more  complex  since  there  are 
at  least  five  species  of  this  genus  (Melo  1996)  inhabiting  the  es- 
tuaries of  the  Ubatuba  region.  More  detailed  work  is  required 
emphasizing  blue  crab  ecology  in  the  area. 

In  addition,  considering  the  extension  of  Ubatuba  Bay  and  the 
variability  of  environmental  conditions,  a  more  representative  as- 
sessment of  the  bay's  habitat  patchiness  should  be  conducted. 


TABLE  7. 

Ovigerous-ratio  of  C.  ornatus  and  ('.  danae  in  the 
sampled  populations. 


Species 


Strata         Spring        Summer        Autumn        Winter 


C  Onniliis 

Shallow 

3,12 

44.97 

3.12 

0 

Deep 

24,97 

14.76 

19.99 

0 

C.  Dunne 

Shallow 

23.09 

50.38 

24.16 

13.4 

Deep 

50.38 

— 

37.95 

36.08 

Differential  Benthic  Occupation  by  Crabs 
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ABSTRACT  Fecundity  of  the  panamic  spidercrab  Maiopsis  panamensis  (Faxon,  1893)  was  determined  based  in  incidental  captures 
realized  ui  the  Gulf  of  California.  There  is  evidence  to  suggest  that  M.  panamensis  have  an  annual  breeding  cycle  and  that  adult  females 
can  produce  more  than  one  batch  of  eggs  in  a  breeding  cycle.  The  number  of  eggs  produced  per  egg  batch  by  M.  panamensis  range 
from  35 1.501  eggs  to  1 162,668  eggs,  with  a  mean  of  about  676,039  eggs.  Branchial  width  of  carapace  is  the  more  useful  morphometric 
measure  in  the  determination  of  the  relation  with  fecundity  in  this  species. 

KEY  WORDS:     Fecundity,  spidercrab,  Maiopsis.  Gulf  of  California. 


INTRODUCTION 

Maiopsis  panamensis  ( Fa.xon  1 893 )  is  a  food  resource  available 
in  the  Gulf  of  California;  it  represents  a  rich  and  ecologically 
important  fauna  (Hendrickx  1989).  However,  there  is  scarce  in- 
fornialion  about  the  biology  of  this  species  because  it  is  difficult  to 
collect  (Hendiickx  1989)  because  M.  panamensis  is  a  species  that 
lives  in  deep  waters  (Garth  1958,  Hendrickx  1995),  This  species 
had  been  encountered  from  15  to  335  m  of  depth,  over  sandy-lime 
bottoms  and  near  rocky  zones  (Hendrickx  1995), 

M.  panamensis  is  the  largest  species  of  the  family  Majidae  in 
the  Gulf  of  California,  and  it  is  more  larger,  in  carapace  width,  than 
the  widest  species  of  the  genera  Chionoecetes  (C.  bairdi),  which  is 
exploited  in  the  northwestern  Pacific  (Hendrickx  1995).  The  males 
of  panamic  spider  crabs  are  larger  than  females  and  their  quelipeds 
are  larger  and  stronger,  reaching  until  57  cm  of  length;  the  largest 
males  can  reaching  a  wet  weight  of  3.5  Kg  (Hendrickx  1995). 

Although  no  commercial-size  catches  have  been  observed  so 
far.  the  species  is  occasionally  consumed  locally  (Hendrickx 
1989).  but  if  it  is  possible  to  find  big  populations,  and  accessible 
to  trawling  nets  or  tramps,  then  this  species  may  be  considered 
how  an  important  resource  in  the  fishing  area  (Hendrickx  1995). 

Studies  on  fecundity  in  a  population  with  economic  potential 
have  a  special  interest  because  of  its  relation  with  the  populations 
intensity  of  renovation;  moreover,  it  represents  a  basic  aspect  in 
the  knowledge  of  the  reproductive  strategy  and  the  populations 
evolution  from  what  is  an  essential  component  in  the  population 
dynamic  (Garci'a-Montes  et  al.  1987). 

The  fecundity  studies  can  be  estimated  from  the  oocytes  of  the 
mature  ovaries  or  from  the  eggs  carried  on  the  abdomen  by  the 
females.  We  had  the  opportunity  to  obtain  ovigerous  mass  so  in 
this  work  the  estimation  of  fecundity  was  performed  from  eggs 
carried  by  the  females  on  the  abdomen. 

In  this  paper  we  present  the  first  data  about  reproductive  effort 
and  fecundity  of  M,  panamensis  in  the  Gulf  of  California  and  their 
relation  with  the  length  carapace  and  width  carapace, 

MATERIALS  AND  METHODS 

Seventeen  ovigerous  females  were  obtained  by  incidental  cap- 
tures of  panamic  spidercrabs  realized  in  the  northern  extreme  at 


Isia  Danzantes,  Gulf  of  California,  Mexico  (25'48'54"  N  and 
1  H°15'45"  W)  in  November  and  December  1993.  Captures  were 
made  with  gill  nets  of  monofilament  with  6  inches  of  size  mesh  at 
180  m  depth.  Organisms  obtained  were  identified  with  the  Keys  of 
Garth  (1958)  and  Hendrickx  (1995).  For  each  individual  were 
registered  lengths  of  carapace  without  rostral  horns  (CL),  branchial 
width  of  carapace  (CW),  total  weight,  and  the  weight  of  the  brood. 

The  gonads  were  reinoved  and  fixed  in  a  neutral  formalin  so- 
lution 10%,  Gonad  sections  were  taken  and  dehydrated  in  alcohol, 
embedded  in  paraffin,  and  sectioned  at  7  jjliii.  Sections  were  placed 
on  slides  and  stained  with  hematoxylin-eosin  (Humason  1979). 

The  reproductive  effort  had  been  estimated  with  the  ratio  of 
brood  weight  per  body  weight,  because  it  has  often  been  used  as  an 
index  of  current  reproductive  effort  (Fukui  and  Wada  1986). 

Broods  were  separated  from  each  female  immediately  after 
capture  and  were  preserved  in  a  7%  buffered  solution  of  formal- 
dehyde prepared  with  seawater.  Separation  of  the  eggs  from  the 
pleopods  was  accomplished  by  means  of  the  method  described  by 
Choy  ( 1985).  The  fecundity  estimation,  considered  in  this  paper  as 
the  number  of  eggs  per  brood,  was  done  by  means  of  the  gravi- 
metric method  described  by  Bagenal  (1978). 

The  number  of  eggs  per  brood  was  determined  by  direct  count- 
ing of  samples  of  0.1  g.  The  relative  fecundity  was  determined  as 
the  number  of  eggs  per  gram  of  total  weight. 

To  determinate  the  relation  of  partial  fecundity  with  length  of 
carapace  without  rostral  horns  (CL)  and  branchial  width  of  cara- 
pace (CW).  dates  were  fitted  to  four  models. 

RESULTS 

Ovigerous  females  reach  141-162  mm  CL  (153,35  mm  mean, 
7.35  SD)  and  127-162  mm  CW  (142.29  mm  mean,  9.42  SD), 

The  ratio  of  brood  weight  to  body  weight  ranged  from  0,0305 
to  0.0538  (0.0394  mean,  0.0067  SD)  and  was  correlated  with  CW, 
but  it  wasn't  correlated  with  CL  (p  <  0,05). 

Histologically,  it  seems  that  mature  females  can  produce  more 
than  one  brood  in  a  breeding  cycle.  Ovaries  were  observed  with 
advanced  stages  of  vitellogenesis.  with  the  exception  of  one  ovary 
in  the  spent  phase. 

Relative  fecundity  ranged  from  360  eggs/g  (158  mm  CL.  138 
mm  CW)  to  913,4  eggs/g  (160  mm  CL,  155  mm  CW),  with  a  mean 
of  589.2  eggs/g. 
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TABLE  1. 

Results  of  the  fits  between  fecundity  with  carapace  length  and  carapace  width. 


MODEL 


With  Carapace  Length 


With  Carapace  Width 


Geometric 
Exponential 
Linear 
Loijarithmic 


Y  =  4005. 6X '""^ 

r  =  0.7210 

Y  =  1440.4e" "'""'' 
r  =  0.7208 

Y  =  -3399781.8 +  26578X 
r^  =  0.7064 

Y  =  -19727.'54_S  +  40-'i-'i097.3LnX 
r-  =  0.7017 


Y  =  20987X"  ""■'"-'• 
r-  =  0.7298 

Y  =  10277.2e<"'='"'^ 
r-  =  0.7303 

Y  =  -2323642.9  + 2 1080.8X 
r-  =  0.7293 

Y  =  -142888966 +  3019736.3LnX 
r-  =  0.7250 


Partial  fecundity  ranged  from  351,501  eggs  (141  mm  CL.  127 
mm  CW)  to  1.162,668  eggs  (162  mm  CL.  162  mm  CW),  with  a 
mean  of  676.039  eggs.  Partial  fecundity  was  significantly  corre- 
lated (p  <  0.05)  with  both  length  of  carapace  without  rostral  horns 
(CL)  and  branchial  width  of  carapace  (CW). 

The  equations  of  regression  obtained  for  the  four  models  are 
summarized  in  Table  1 .  The  best  fit  between  fecundity  and  CL  was 
with  the  geometric  model  (r"  =  0.7210)  and  the  best  fit  between 
fecundity  and  CW  was  with  the  exponential  model  (r"  =  0.7303) 
(Figs.  1  and  2). 

DISCUSSION 

Despite  (he  method  to  estiinate  the  fecundity  with  the  number 
of  eggs  carried  on  the  abdomen  by  the  females  is  lower  than  the 
number  of  oocytes  in  the  ovaries,  we  have  considered  more  correct 
to  estimate  the  fecundity  from  the  eggs  carried  by  the  females 
because  very  often  the  oocytes  are  reabsorbed  during  the  process 
of  sexual  maturation  and  many  eggs  fail  to  adhere  to  the  pleopods 
at  the  moment  of  spawning  (Farmer  1974).  However,  the  number 
of  eggs  on  the  pleopods  diminishes  during  the  incubation  period 
due  mainly  to  predation  (Abello  and  Sarda  1982). 

Although  incidental  captures  of  panamic  spidercrabs  were  re- 
alized from  October  1993  to  January  1994.  ovigerous  females  were 
present  only  in  November  and  December.  This  could  be  an  evi- 
dence that  M.  piiiuinwnsis  have  an  annual  breeding  cycle. 


On  the  other  hand,  there  is  evidence  to  suggest  that  M.  pana- 
inensis  females  can  produce  more  than  one  batch  of  eggs  in  a 
breeding  cycle.  The  occurrence  of  ripening  ovaries  simultaneous 
with  brooded  eggs  has  been  interpreted  as  an  indication  of  the 
potential  to  produce  a  second  brood  during  the  same  breeding 
season  (Pillay  and  Nair  1971).  This  condition  has  been  reported  in 
other  brachyuran  species  (Ryan  1967,  Pillay  and  Nair  1971,  Perez 
1990)  and  several  anomuran  species  (Ameyaw-Akumfi  1975, 
Varadarajan  and  Subramoniani  1982). 

The  reproductive  effort  was  correlated  with  CW  and  the  highest 
correlation  of  the  fecundity  corresponds  to  the  CW,  too.  These 
results  indicate  that  CW  is  the  more  useful  morphometric  measure 
in  the  determination  of  the  relation  with  fecundity  in  this  species. 
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ABSTRACT  The  pink-shrimp  {Penaeus  ixiiilen.sis  and  P.  hnisihensis)  is  the  most  important  shellfish  resource  in  southern  Brazil. 
Highly  unselective,  the  pink-shrimp  trawl  fishery  produces  an  abundant  and  diverse  by-catch  that  includes  valuable  and  poorly  known 
shellfish  species.  Landings  of  pink-shrimp  trawlers  in  the  Itajai  harbor  (26"S,  southern  Brazil)  were  monitored  regularly  from  May  1995 
to  March  1997.  to  study  temporal  and  spatial  patterns  of  the  catches  of  pink-shrimp  and  the  squids.  Loligo  plei  and  L  siinpauleiisis: 
the  scallop,  Peaen  ziczac:  the  deep-sea  lobster.  Melanephrops  nibeUus:  and  the  slipper  lobster.  Scyllariiles  depressus.  Shrimp  trawlers 
operated  year  round  except  for  a  period  between  March  and  pan  of  May.  when  fishing  is  closed  to  protect  shrimp  recruitment  periods. 
Trawling  took  place  from  southern  Sao  Paulo  coast  (23°S)  to  northern  Rio  Grande  do  Sul  (30°S)  at  depths  ranging  from  14  to  120  m 
concentrating  seasonally  in  six  main  fishing  areas  according  to  patterns  of  penaeid  shrimp  distribution.  Such  seasonal  displacement 
determined  the  patterns  of  incidental  exploitation  of  all  shellfish  species  and  has  originated:  (a)  a  directed  scallop  fisheries,  whose 
uncontrolled  effort  lead  to  its  collapse;  and  (b)  an  emerging  L.  plei  fishery  stimulated  by  their  massive  seasonal  presence  in  by-catch. 
The  slipper  lobster  and  the  deep-sea  lobster  are  potential  resources  whose  fishery  development  depend  on  favourable  markets  and 
incentives.  Adequate  biological  and  ecological  information  on  these  shellfish  populations  is  urgently  required  to  prevent  future 
collapses  of  promising  shellfish  fisheries. 

KEY  WORDS:     By-catch,  squid,  lobster,  shrimp,  scallop,  fishery,  Brazil 


INTRODUCTION 

The  demersal  trawl  fishery  in  southern  Brazil,  ahhough  highly 
multispecific,  has  been  directed  toward  a  few  valuable  fish  species 
and  to  penaeid  pink-shiimps  {Penaeus  paulensis  Perez-Farfante 
1967,  P.  hmsiliensis  Latreille  1817)  (IBAMA  1993,  Haimovici  et 
al.  1997).  A  fishery  directed  to  these  shrimps  started  after  the 
second  World  War  and  improved  during  the  mid  60s  when  the 
double-rig  system  was  introduced  after  its  proved  efficiency  in  the 
Gulf  of  Mexico  (Iwai  1973).  A  fleet  operating  with  80  to  nearly 
400  vessels  from  Espi'rito  Santo  (20"S)  to  Santa  Catarina  (26°S) 
states  attained  maximum  yields  of  6,000-7,000  tons  yr"'  during 
the  early  70s,  declining  steadily  thereafter  mostly  because  of  over- 
fishing by  the  excessive  number  of  licensed  boats  and  artisanal 
fishing  in  the  nursery  areas  (Valentini  et  al.  1991,  IBAMA  1994a). 

Highly  unselective,  the  pink-,shrimp  fishery  produces  an  abun- 
dant and  diverse  by-catch.  Recent  studies  conducted  in  the  Itajaf 
harbor  (Santa  Catainna)  have  estimated  that  between  1989  and 
1992,  for  every  kilogram  of  landed  shrimp,  2.5  kg  on  average  of 
by-catch  species  were  landed.  Fishery  observers  have  estimated 
that  an  additional  9  kg  can  be  rejected  on  board,  a  rate  comparable 
to  the  highest  reported  for  shrimp  fisheries  around  the  world  (Al- 
verson  et  al.  1994,  Kotas  in  press).  Mostly  constituted  by  teleosts, 
landed  by-catch  frequently  include  molluscs  (mainly  squids)  and 
high-priced  crustaceans,  whose  biology  and  fishing  potential  have 
been  superficially  studied  (Rebelo  Neto  1980,  Rebelo  Neto  1986, 
Andriguetto  and  Haimovici  1991)  or  remain  unknown.  Because  of 
low  shrimp  catches,  shrimp  by-catch  have  become  increasingly 
valued  (Conolly  1986)  and  part  of  the  fleet  has  redirected  their 
efforts  towards  abundant  and/or  valuable  by-catch  species  caught 
efficiently  by  the  double-rig  system,  such  as  other  coastal  shrimps 
(Kotas  in  press),  groundfishes  (Haimovici  and  Mendonga  1996a), 
squids  (Perez  unpubl  data)  and  scallops  (Pezzuto  and  Borzone 
1997a).  The  sustainability  of  such  emergent  fisheries,  given  the 
poor  understanding  of  their  populations,  is  uncertain,  and  there  has 


been  one  example  of  negative  consequences.  A  short-lived  scallop, 
Pecteii  ziczac  (Linnaeus  1758)  fishery,  caught  by  the  shrimp  fleet, 
produced  up  to  8,800  tons  yr"'  during  the  70s,  mostly  for  export. 
After  the  peak  of  scallop  production  (1980),  the  beds  were  de- 
pleted and  have  not  recovered  to  the  original  biomass  (Pezzuto  and 
Borzone  1997b).  The  declining  levels  of  shrimp  production  lead- 
ing to  uncontrolled  shifts  in  targeted  species,  indicate  that  studies 
on  the  components  of  shrimp  fishery  by-catch  are  urgenrty  re- 
quired. 

Although  the  offshore  southern  Brazilian  pink-shrimp  fisheries 
has  existed  for  over  30  y,  previous  information  on  its  dynamics  and 
by-catch  is  scarce  and  not  readily  available.  Most  studies  are  found 
in  government  reports  of  limited  distribution  and  often  only  locally 
available.  This  study  provides  a  descriptive  analyses  of  non- 
directed  catch  dynamics  of  previously  unreported  valuable  shell- 
fish species  landed  by  the  pink-shrimp  fleet  in  the  Itajai  harbor 
(Santa  Catarina,  southern  Brazil).  Our  main  objectives  were  (a)  to 
study  spatial  and  temporal  patterns  in  shellfish  by-catch  composi- 
tion and  abundance  and  (b)  to  analyze  the  shrimp  fleet  dynamics 
identifying  ongoing  and  potential  redirections  of  trawling  fishery. 

MATERIAL  AND  METHODS 

This  study  was  based  on  two  data  sources.  The  first  source 
consisted  of  a  fishery  sampling  program  conducted  from  May 
1995  to  March  1997  in  the  Itajaf  harbor,  Santa  Catarina,  Brazil 
(26°S)  (Fig.  1 ).  Fish  plants  spread  over  30  km  along  the  Itajai-a(,-u 
river  were  visited  three  days  a  week  in  search  for  landings  of  the 
shrimp  trawlers.  When  found,  the  vessels  were  approached  and 
catches  of  the  target  species,  mostly  the  pink-shrimp,  and  five 
selected  shellfish  species  were  recorded.  These  species  included 
the  squids,  Loligo  plei  (Blainville  1823)  and  L  sanpaulensis  Bra- 
koniecki,  1984;  the  scallop,  Pecten  ziczac:  the  deep-sea  lobster, 
Melanephrops  rubellus  (Moreira)  and  the  slipper  lobster,  Scyllar- 
ides  depressus  Holthuis  1963.  Through  interviews  with  the  trawler 
captain,  it  was  obtained  information  on  trip  duration,  fishing  re- 
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P'igure  1.  Fishing  areas  of  pinl<-slirinip,  Penaeiis  pauleiisis.  P.  hrasil- 
iensis.  trawlers  in  stiuthern  Brazil,  recorded  between  May  1995  and 
April  1996  in  Itajai  harbor,  southern  Brazil.  The  defined  areas  (1  to 
VI)  are  bounded  by  50  ni  isobath  and  the  26  50'  S  and  28  10'  S 
parallels  (off  Itajai  and  Imbituba  harbors,  respectively). 

gime,  number  of  hauls,  estimated  duration  of  each  haul,  and  fish- 
ing areas  that  were  later  used  to  produce  effort  (trawling  hours) 
and  catch  rates  (kg  hr"')  for  shrimp  and  the  other  shellfish.  Rep- 
resentative size-frequency  distributions  and  biological  samples 
were  also  obtained  for  further  biological  studies. 

A  second  data  source  consisted  of  reported  catch  statistics  con- 
trolled by  the  Brazilian  Institute  for  the  Environment  and  Renew- 
able Resources — IBAMA.  and  available  between  1989  and  1995 
(IBAMA  1994b,  Branco  and  Rebelo  1994.  IBAMA  unpubl  data). 
These  statistics  report  the  catch  composition,  in  kilograms,  of  in- 
dividual species  landings  as  extracted  from  sale  receipts  continu- 
ously provided  by  the  fish  plants.  This  has  been  the  only  source  of 
catch  data  available  in  Santa  Catarina  since  no  sistematic  sampling 
program  of  the  shrimp  fishery  landings  has  been  conducted  by 
IBAMA  in  1988  to  1995.  In  the  case  of  squids,  catches  were  not 
discriminated  by  species.  This  was  not  an  important  limitation  to 
the  analyses,  because  L  plei  was  highly  dominant  in  the  samples 
(nearly  907f )  and  both  Loligo  spp.  peaked  in  different  times  of  the 
year.  Although  not  recorded  during  our  study,  reported  catches  of 
the  octopod.  Octopus  vulgaris  Cuvier,  1797,  were  also  retrieved 
becau.se  it  has  been  increasingly  important  in  shrimp  and  fish 
trawling  by-catch.  Individual  landing  records  were  pooled  by 
months  to  analyze  seasonal  catch  patterns. 


RESULTS 


Fishing  Methods 


Shrimp  trawlers  in  southern  Brazil  operate  with  a  double-rig 
method  developed  in  the  USA  and  widely  used  in  the  Gulf  of 
'."^  ';:o  shrimp  fishery  (Iwai  197.3,  Conolly  1986.  Valentini  et  al. 
\'-)-J[,  ii.iimovici  and  Mendon<5-a  1996a,  and  Haimovici  and  Men- 


donfa  1996b.  Kotas  in  press).  Fishing  trips,  during  the  studied 
period,  were  on  average  14  days  long  (±4  SD,  n  =  98)  resulting 
in  1 1  days  of  effective  fishing  activity.  Fishing  was  conducted  on 
a  1 2-h  diurnal  (11%),  1 2-h  nocturnal  (22%),  or  24-h  regime  (63%). 
Only  during  a  few  trips  (5%)  the  fishing  regime  was  changed. 
Four-  to  five-hour  long  hauls  were  conducted  three  and  six  times 
a  day  in  the  1 2-h  and  24-h  regimes  respectively.  Fishing  effort  per 
trip  ranged  from  48  to  456  trawling  h  (mean  225  h  ±  91  SD,  n  = 
98).  Fishing  characteristics  observed  during  the  study  period  were 
similar  to  the  ones  reported  in  1987  and  between  1993  and  1994 
(Valentini  et  al.  1991.  Kotas  in  press)  suggesting  that  the  trawling 
operations  have  changed  little  in  the  past  10  y.  An  exception  to  this 
trend  is  the  fishing  regime  that  tended  to  vary  from  mostly  noc- 
turnal to  more  mixed  regimes  in  recent  years. 

Shellfish  Non-Oirected  Catches 

The  pink-shrimp  was  the  target  species  in  85  out  of  98  landings 
monitored  from  May  1995  to  March  1997.  Groundfish,  squids,  and 
other  shrimps,  mainly  Pleoticus  rnuelleii  (Bate  1888),  were  tar- 
geted in  the  remaining  7,  5.  and  1  landings,  respectively.  Consid- 
ering only  landings  where  the  pink-shrimp  was  the  target,  the  five 
shellfish  species  studied  composed  all  together  37.3%  of  pink- 
shrimp  catch.  Excluding  the  squid  L.  plei.  by  far  the  most  frequent 
and  abundant  component  (Table  I),  this  proportion  decreased  to 
6.5%.  For  each  shellfish  species,  a  substantial  increase  in  catches 
per  trip  and  catches  per  hour  was  observed  when  only  "positive 
landings"  (those  that  contained  at  least  one  of  the  studied  shellfish 
species)  were  considered  (Table  1).  In  all  species,  the  catch  rates 
were  highly  variable  with  some  landings  being  occasionally  large. 
Shellfish  were  not  homogeneously  caught  but  exhibited  seasonal 
and  spatial  patterns  as  shown  below. 

Shellfish  landings  as  a  proportion  of  shrimp  catches  estimated 
for  the  1995  to  1997  period  (Table  I)  approximated  IBAMA  re- 
ported statistics  for  the  period  1989  to  1993  (Table  2).  Higher 
deviations  were  observed  in  Loligo  spp.  probably  because  IBAMA 
statistics  of  pink-shrimp  landings  included  occasional  landings  of 
shrimp  trawlers  targeting  squid.  In  fact,  in  the  few  landings  where 
species  other  than  pink-shrimp  were  targeted  during  the  monitored 
period,  catches  as  high  as  6.000,  2.095.  and  500  kg  were  recorded 
for  L.  plei,  L.  sanpaulensis,  and  S.  depressus,  respectively.  These 
values  are  substantially  higher  than  maximum  non-directed 
catches  (Table  1 ). 

As  for  the  proportion  of  each  species  in  the  shellfish  by-catch 
(excluding  the  octopus),  values  found  in  our  study  (Table  I)  and 
those  calculated  from  IBAMA  statistics  (Table  2)  were  practically 
the  same,  suggesting  that  both  data  sources  were  comparable. 

Because  O.  vulgaris  was  not  Included  In  our  sampling,  this 
species  was  also  excluded  from  the  statistics  presented  in  Table  2 
for  the  1989  to  1993  period.  It  is  important  to  note,  however,  that 
between  8  and  38  Ions  of  octopods  have  been  reported  annually  by 
IBAMA. 

Temporal  and  Spatial  Patterns  of  Catches 

Shrimp  trawlers  operated  year  round  except  for  a  period  be- 
tween March  and  part  of  May,  when  fishing  was  closed  to  protect 
shrimp  recruitment  periods.  Trawling  took  place  from  southern 
Sao  Paulo  coa.st  (23°S)  to  northern  Rio  Grande  do  Sul  (30°S)  at 
depths  ranging  from  14  to  120  m  (Fig.  I).  Previously  reported 
main  fishing  grounds  (Valentini  el  al.  1991,  Kotas  in  press),  were 
conlirmed  al  26'  S  (Sao  Francisco  Island)  and  29"S  (Imbituba- 
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TABLE  1. 

Valuable  shellfish  in  the  bv-catch  of  penaeid  shrimp  in  southern  Brazil.  Summary  of  non-directed  catches  monitored  between  May  1995  and 
March  1997  in  the  Itajai  harbor  (Santa  Catarina,  Brazil).  Catch  rates  are  mean  ±  SD.  Maximum  recorded  valued 

are  shown  between  brackets. 


All 

Landings 

Positive  Landings 

Total 

%  of  Total 

% 

of  Total 

% 

of  Shrimp 

Monitored 

Species 

N 

kg  Trip  ' 

kg  hr-' 

Shrimp  Catch 

Shellfish  Catch 

N 

kg  Trip  ' 

kg  hr  ' 

Catch 

Catch  (kg) 

Loligo  plei 

85 

214  ±802 

1.28  ±5.15 

30.77 

82.60 

69 

264  ±  SS4 

1 .57  ±  5.68 

42.42 

18.227.8 

Loligo 

85 

(5.000) 
29  ±76 

(37.9) 
0.14  +  0.37 

4.15 

11.13 

56 

44  ±  90 

0.21  ±0.44 

6.36 

2.456.6 

Melanephrops 

85 

(410) 
1 1  ±  30 

(1.9) 
0.05  ±  0. 1 2 

1.55 

4.16 

19 

48  ±48 

0.21  ±0.18 

5.71 

918.2 

rubetlus 
ScvUarides 

85 

(200) 
3±  11 

(0.64) 
0.01  ±0.04 

0.46 

1.23 

28 

10±  18 

0.04  ±  0.07 

1.25 

270.5 

depressiis 
Pecten  ziczac 

85 

(80) 
2±11 

(0.28) 
0.01  ±0.06 

0.33 

0.88 

11 

18  ±27 

0.10  ±0.14 

4.48 

194.8 

Penaeiis  spp. 

85 

(80) 
697  ±  586 
(4,600) 

(0.33) 

3.21  ±2.85 

(23.9) 

85 

697  ±  586 

3.21  ±2.85 

59,247.0 

Torres).  In  a(Jdition.  the  analyses  of  catch,  effort,  fishing  areas  anid 
depth  ranges  of  the  sampled  trawlers,  allowed  the  identification  of 
six  major  fishing  areas  bounded  by  the  50  m  isobath  and  the 
26°50'  S  and  28°10'  S  parallels  (off  Itajai  and  Iinbituba  harbors 
respectively)  (Fig.  1).  Shrimp  trawlers  were  found  to  concentrate 
in  each  of  these  areas  seasonally,  probably  reflecting  patterns  of 
penaeid  shrimp  distribution  (Fig.  2). 

The  occurrence  of  shellfish  species  in  landed  shrimp  by-catch 
from  May  95  to  March  97.  showed  defined  seasonal  patterns  (Fig. 
8)  e,\plained  by  the  fleet  seasonal  displacement.  From  January  to 
March  part  of  the  trawlers  operated  in  the  northern  inshore  area 
and  part  in  southern  inshore  area  (Fig.  2).  The  former  part  landed 
abundant  catches  of  the  squid,  L.  plei,  and  scallops  (Figs.  3  and  4), 
and  the  latter,  the  slipper  lobster  and  both  squid  species  (Figs.  5 
and  6).  From  April  to  June,  the  fleet  concentrated  both  in  the 
inshore  and  offshore  northern  areas,  when  the  deep-sea  lobster  was 
frequently  caught  (Fig.  7).  By-catch  landings  of  this  species  in- 
creased from  July  to  September  when  trawlers  concentrated  in  the 
northern  and  central  offshore  areas.  An  important  displacement  of 
most  of  the  trawlers  towards  the  southern  inshore  area  occurred 


TABLE  2. 

Valuable  shellfish  in  the  pink-shrimp  fishery  in  southern  Brazil. 

Summary  of  catches  registered  by  IBAMA  (Brazilian  Institute  for 

the  Environment  and  Renewable  Resources)  between  1989  and  1993 

in  the  Itajai  harbor  (Santa  Catarina,  Brazil).  Catches  are 

expressed  in  kg. 


from  October  to  December.  By-catch  landings  of  the  squid.  L 
saiipanleiisis,  and  the  slipper  lobster  were  most  frequent  during 
this  period  (Fig.  5  and  6). 

Seasonal  landing  patterns  of  all  shellfish  species  monitored  in 
the  Itajai  harbor  in  1995-96  (Fig.  8)  were  found  consistently  in 
IBAMA  reported  landings  from  1989  to  1995  (Fig.  9)  suggesting 
that:  (a)  the  seasonal  shrimp  fleet  displacement  cycle  has  been 
occurring  repeatedly  for  at  least  the  last  7  y;  and  (b)  shellfish 
by-catch  is  determined  by  such  trawler  displacement  cycle  and  the 
patterns  of  the  shellfish  populations  distribution. 

DISCUSSION 

Shellfish  species  are  typically  valuable  fishing  resources, 
whose  high  prices  compensate  for  normally  limited  production.  In 
southern  Brazil,  the  pink-shrimp  has  represented  under  1%  of  total 
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Figure  2.  Seasonal  and  spatial  distribution  of  pink-shrimp.  Penaeus 
paiilensis.  P.  brasiliensis  catches  (closed  bars)  and  directed  fishing  ef- 
fort (trawling  hours,  open  bars)  recorded  between  May  1995  and  April 
1996  in  Itajai  harbor,  southern  Brazil.  Effort  and  catches  are  repre- 
sented as  percentages  of  totals.  Histograms  depict  data  for  each  of  six 
fishing  areas  defined  in  Figure  1. 
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Figure  3.  Seasonal  and  spatial  distribution  of  the  squid,  Loligo  plei. 
catches  (closed  bars)  and  pink  shrimp-nshing  effort  (trawling  hours, 
open  bars)  recorded  between  May  1995  and  April  1996  in  Itajai  har- 
bor, southern  Brazil.  Effort  and  catches  are  represented  as  percent- 
ages of  totals.  Histograms  depict  data  for  each  of  six  fishing  areas 
defined  in  Figure  1. 
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Figure  5.  Seasonal  and  spatial  distribution  of  the  slipper  lobster,  Scyl- 
larides  depressus,  catches  (closed  bars)  and  pink  shrimp-fishing  effort 
(trawling  hours,  open  bars)  recorded  between  May  1995  and  April 
1996  in  Itajai  harbor,  southern  Brazil.  Effort  and  catches  are  repre- 
sented as  percentages  of  totals.  Histograms  depict  data  for  each  of  six 
fishing  areas  defined  in  Figure  1. 


industrial  catch  and  yet  it  is  one  of  the  most  valuable  demersal 
resources.  In  1987  it  was  estimated  that  shrimp  catch,  which  rep- 
resented 14.6%  of  the  total  trawlers  catch,  accounted  for  43%  of 
the  total  revenue  (IBAMA  1988).  This  multispecific  fishery  in- 
cludes at  least  six  other  shellfish  species  that  are  also  high-priced 
components  often  landed  to  compensate  for  insufficient  shrimp 
yields.  The  pattern  of  incidental  exploitation  of  such  shellfish  spe- 
cies by  the  pink-shrimp  fleet  is  not  homogeneous,  but  follows  the 
temporal  and  spatial  distribution  of  the  target  species  and  of  each 
shellfish  species.  Except  for  the  abundant  loliginid  squid,  L.  plei. 
the  studied  shellfish  by-catch  has  been  under  6.5%  of  pink-shrimp 
landings,  and  the  question  remains  whether  such  populations  may 
become  future  target  of  trawlers. 


In  the  area  covered  by  the  shrimp  fleet,  L.  plei  is  the  most 
abundant  cephalopod.  This  species  occurs  in  dense  concentrations 
during  the  summer  off  Santa  Catarina  (Kotas  in  press),  Sao  Paulo 
(Juanico  1981),  and  offshore  Rio  Grande  do  Sul  (Haimovici  and 
Andriguetto  1986,  Haimovici  and  Perez  1991a)  and  has  been  the 
most  abundant  shellfish  component  in  the  pink-shrimp  by-catch 
landed  in  Santa  Catarina.  Selling  for  US$  2.0-2.5  kg"',  L.  plei 
catches  have  not  only  represented  important  compensations  for 
low  shrimp  yields,  but  also  have  motivated  an  emerging  directed 
summer  trawl  fishery  off  Santa  Catarina.  Five  of  the  interviewed 
captains  have  admitted  targeting  squid,  which  also  implied  in  ad- 
justments of  the  net  flotation  devices  as  well  as  an  increase  of 
diurnal  trawling  hours.  L.  plei.  as  well  as  other  loliginids.  tend  to 
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Figure  4.  Seasonal  and  spatial  distribution  of  the  scallop,  Peclen  zic- 
zac,  catches  (closed  bars)  and  pink  shrimp-fishing  effort  (trawling 
hours,  open  bars)  recorded  between  May  1995  and  April  1996  in  Itajai 
harbor,  southern  Brazil.  Effort  and  catches  are  represented  as  per- 
t'-iitages  of  totals.  Histograms  depict  data  for  each  of  six  fishing  areas 
iieiined  in  Figure  1. 
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Figure  6.  Seasonal  and  spatial  distribution  of  the  squid,  Loligo  san- 
paiilensis.  catches  (closed  bars)  and  pink  shrimp-fishing  effort  (trawl- 
ing hours,  open  bars)  recorded  between  May  1995  and  April  1996  in 
Itajai  harbor,  southern  Brazil.  Effort  and  catches  are  represented  as 
percentages  of  totals.  Histograms  depict  data  for  each  of  six  fishing 
areas  defined  in  Figure  1. 
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Figure  7.  Seasonal  and  spatial  distribution  of  the  deep-sea  lobster, 
Melanephrops  ruhellus.  catches  (closed  bars  I  and  pink  shrimp-flshing 
effort  (trawling  hours,  open  bars)  recorded  between  May  1995  and 
April  1996  in  Itajai  harbor,  southern  Brazil.  Effort  and  catches  are 
represented  as  percentages  of  totals.  Histograms  depict  data  for  each 
of  six  fishing  areas  defined  in  Figure  I. 


migrate  vertically  during  the  day  being  available  on  the  bottom 
only  during  the  day  time  (Andriguetio  and  Haimovici  1991.  Hai- 
movici  and  Perez  1991a).  Because  this  feature  opposes  to  pink- 
shrimp  behavior  (Iwai  1973),  a  24-h  fishing  takes  advantage  of 
both  resource  concentrations.  In  addition,  stimulated  by  shrimp 
trawler  profits,  many  pair  trawlers  that  target  demersal  fishes  dur- 
ing most  of  the  year  ( Kotas  1 99 1 ).  have  directed  their  summer  trips 
to  L.  plei  concentrations  off  Sao  Francisco  do  Sul  Island  (26°S). 
More  efficient,  these  trawler's  catches  have  surpassed  summer 
catches  of  shrimp  trawlers  and  produced  the  bulk  of  L.  plei  landed 
in  Santa  Catarina.  which  ranged  in  1989  to  1993  between  164  and 
763  tons  (IBAMA  1994b.  Branco  and  Rebelo  1994).  Although 
there  has  been  no  directed  squid  surveys  in  the  area,  the  fact  that 
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Figure  8.  Monthly  landings  of  shellfish  species  sampled  in  Itajai  har- 
bor, southern  Brazil,  from  May  1995  to  March  1997.  (a)  pink-shrimp, 
Penaeus  paulensis,  P.  brasiliensis;  (b)  deep-sea  lobster,  Melanephrops 
riibellus:  (c)  squid,  Loligo  sanpaulensis;  (d)  squid,  L.  plei:  (e)  total 
squid;  (f)  scallop,  Pecten  ziczac;  (g)  slipper  lobster,  Scyllarides  depres- 
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Figure  9.  Monthly  landings  of  shellfish  species  recorded  by  IBAMA 
from  January  1989  to  December  1995  in  Itajai  harbor,  southern  Bra- 
zil, (a)  pink-shrimp,  Penaeus  paulensis.  P.  brasiliensisbidata  from  1994 
and  1995  were  not  availablel;  (bl  deep-sea  lobster,  Melanephrops  ru- 
hellus: (c)  total  squid,  Loligo  sanpaulensis  and  L.  plei:  (dl  octopus. 
Octopus  vulgaris;  (e)  scallop,  Pecten  ziczac:  (f)  slipper  lobster,  Scyllar- 
ides depressus. 


two  fleets  concentrate  in  a  limited  area  targeting  squid,  suggests 
that  the  most  important  concentrations  of  L.  plei  must  occur  in 
such  grounds. 

Loliginid  squids  constitute  short-lived  semelpareous  popula- 
tions. The  biomass  available  for  the  fishery  and  the  food  chain, 
however,  is  often  seasonal,  and  highly  dependent  on  recruitment 
processes  (Boyle  and  Boletzky  1996).  Because  of  their  relatively 
risky  annual  life-cycle,  the  exploitable  biomass  of  squid  popula- 
tions, however,  tend  to  vary  widely  from  year  to  year.  The  devel- 
opment of  directed  local  fisheries,  therefore,  have  always  been 
limited  by  such  unpredictability  (O'Dor  and  Coelho  1993).  The 
seasonal  L.  plei  fishery  emerging  in  Santa  Catarina  uses  non- 
specialized  gear,  requires  minimum  investment  and  seems  to  op- 
erate opportunistically,  fishing  more  intensely  in  years  of  abundant 
squid  (Perez  pers.  comm.). 

A  smaller  squid  component  in  the  shrimp  by-catch.  L.  sanpau- 
lensis occurs  from  northern  Argentina  to  Rio  de  Janeiro  (Hai- 
movici and  Perez  1991b).  Important  concentrations,  however,  oc- 
cur throughout  the  year  on  the  continental  shelf  off  Rio  Grande  do 
Sul  (28°-34°S)  where  at  least  two  annual  spawning  peaks  have 
been  observed  (Andriguetto  and  Haimovici  1996).  Although  the 
species  is  not  commercially  important  and  mostly  discarded  by 
fishermen  in  that  area,  a  3.500-ton  stock  was  estimated  from  de- 
mersal surveys  (Andriguetto  and  Haimovici  1991).  Catches  of  L. 
sanpaulensis  by  the  pink-shrimp  trawlers  were  only  important 
when  they  were  operating  in  the  southernmost  pink-shrimp  fishing 
grounds,  at  the  northern  limits  of  the  main  squid  concentrations  off 
Rio  Grande  do  Sul. 

The  slipper  lobster  and  the  deep-sea  lobster  were  the  most 
abundant  crustaceans  in  the  pink-shrimp  landed  by-catch.  Whereas 
the  former  is  virtually  unknown,  preliminary  biological  and  eco- 
logical information  is  available  for  the  latter.  Commercial  concen- 
trations of  the  deep-sea  lobster  are  known  to  occur  from  23°  to 
28°S  on  muddy  bottoms  deeper  than  80  m  (Rebelo  Neto  1986). 
During  the  1995  to  1997  shrimp  season  these  lobsters  were  caught 
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incidentally  by  trawlers  that  were  operating  on  winter  shrimp  con- 
centrations, marginally  overlapping  the  upper  M.  nibelliis  distri- 
bution. Directed  fishing,  however,  has  been  occasionally  reported 
specially  during  late  summer-early  autumn  when  the  pink-shrimp 
fishery  is  closed  (Conolly  1986,  Rebelo  Neto  1986,  Kotas  in 
press).  M.  rubeUus  yearly  production  peaked  in  1974  and  1984 
with  100.8  and  629.8  tons  respectively,  motivated  by  profitable 
export  opportunities  (Rebelo  Neto  1986).  Scientific  surveys  and 
commercial  trips  of  shrimp-trawlers  in  1984  to  1986,  reported 
catch  rates  between  6.0  and  17.0  kg  h"'  in  hauls  100-200  m  deep, 
and  raised  preliminary  biological  information  on  the  species  (Re- 
belo Neto  1986).  Deep-sea  lobster  commercial  trawling  never  de- 
veloped however,  probably  because  of  unstable  markets  combined 
with  risks  of  trawling  on  deep  unfamiliar  grounds. 

Two  main  scallop  beds  are  known  to  exist  between  24°26'  S 
and  26°20'  S  (southern  Sao  Paulo  to  northern  Santa  Catarina)  on 
sandy  bottoms  30  to  50  m  deep  (Pezzuto  and  Borzone  1997b). 
Shrimp  trawler  operations  normally  explore  these  grounds  from 
January  to  September  as  they  move  from  coastal  squid-productive 
areas  to  deep  grounds  close  to  the  deep-sea  lobster  concentrations. 
Scallop  landings  have  been  more  frequent  during  the  summer  and 
occasionally  in  winter,  reflecting  the  shrimp-trawlers  distribution. 
Easily  available,  such  scallop  beds  attracted,  in  the  early  70s, 
shrimp  trawlers  stimulated  by  a  decline  on  pink-shnmp  catch  rates 
and  scallop  export  opportunities  (Pezzuto  and  Borzone  1997a). 
Heavily  exploited,  the  scallop  concentrations,  once  yielding  annual 
catches  over  8.000  tons,  decreased  to  non-commercial  levels  that 
still  seem  to  be  reflected  by  their  insignificant  presence  in  the 
pink-shrimp  by-catch.  The  catch  rates  reported  in  this  study  ap- 
proximate the  ones  obtained  by  an  ongoing  scallop  survey  program 
(Pezzuto  and  Borzone  1997b,  Borzone  and  Pezzuto  1997),  indi- 
cating that  they  reflect  actual  scallop  low  densities  in  the  fishing 
grounds. 

In  summary,  the  patterns  of  shellfish  exploitation  by  shrimp 
trawlers  off  southern  Brazil  reflect  the  dynamics  of  a  complex 
multispecies  system  traditionally  governed  by  pink-shrimp  distri- 


bution, but  that  is  also  being  progressively  influenced  by  other 
targets  that  become  attractive  by  their  abundance  and/or  economic 
value.  Throughout  its  history,  the  shrimp  fishery  by-catch  has  orig- 
inated: (a)  a  directed  scallop  fisheries,  whose  uncontrolled  patterns 
of  effort  lead  to  its  collapse;  and  (b)  an  emerging  L.  plei  fishery 
stimulated  by  their  massive  seasonal  presence  in  by-catch. 

The  remaining  studied  shellfish  species  have  defined  patterns 
of  spatial  distribution,  known  by  most  fishermen,  but  are  only 
pailially  exploited  as  they  overlap  with  seasonal  pink-shrimp  con- 
centrations. A  redirection  of  effort  toward  each  shellfish  species 
would  depend  on  market  opportunities  and  government  incentives. 
In  addition,  special  incentives  may  derive  from  valuable  species 
associations  that  are  vulnerable  in  a  common  area  to  the  trawling 
gear.  The  slipper  lobster,  the  octopus  and  the  squid  L.  sanpmdeii- 
sis.  concentrate,  along  with  some  flatfishes,  on  a  limited  30-50  m 
deep  area  in  the  boundary  between  southern  Santa  Catarina  and 
northern  Rio  Grande  do  Sul.  All  high-priced  species,  this  combi- 
nation is  profitable  and  has  increasingly  attracted  trawlers  espe- 
cially during  the  shrimp  reproductive  periods.  Because  of  the  ap- 
parent redirections  of  the  shrimp  fleet,  it  is  paramount  that  ad- 
equate biological  and  ecological  information  on  these  shellfish 
populations  be  made  available  to  prevent  future  collapses  of  prom- 
ising shellfish  fisheries. 
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AQUACULTURE  GENETICS  AND  BREEDING  TECH- 
NOLOGY CENTER  AT  THE  VIRGINIA  INSTITUTE  OF 
MARINE  SCIENCE:  FINALLY,  A  LONG-TERM  OPPOR- 
TUNITY? Standish  K.  Allen,  Jr.,  School  of  Marine  Sciences, 
Virginia  Institute  of  Marine  Science,  Gloucester  Point,  VA  23062. 

Genetics,  widely  held  to  he  crucial  to  the  development  of  aqua- 
culture,  has  seldom  had  programmatic  support  in  the  US.  Rather, 
"'initiatives"  are  strung  together  with  soft  inoney  funding,  subject 
to  the  vagaries  of  national  funding  priorities.  In  contrast,  the  State 
of  Virginia  has  invested  in  the  future  of  aquaculture  genetics  by 
establishing  a  Center  at  VIMS  to  conduct  research  and  advisory 
services  to  foster  economic  development  of  aquaculture  in  Vir- 
ginia. However,  beyond  the  state  mandate  lies  enormous  opportu- 
nity to  channel  regional  and  even  national  efforts,  for  a  sustained 
attack  on  some  of  the  pressing  issues  in  aquaculture  genetics. 

Efforts  in  Virginia  will  center  initially  on  shellfish  genetics 
because  of  the  long  history  of  shellfish  harvesting  there.  Two  key 
projects  will  be  a  concerted  effort  on  hard  clam  breeding  and  the 
continuation  of  efforts  to  develop  disease  resistant  oysters.  For 
hard  clams,  our  initial  focus  will  be  on  evaluation  of  strains  that 
will  include  a  "registry"  of  clam  strains  developed  by  universities 
and  industries  on  the  east  coast.  Our  emphasis  on  disease  resistant 
oysters  will  be  more  appropriately  a  regional  initiative  for  a  couple 
of  important  reasons:  oyster  disease  is  a  regional  (mid-Atlantic) 
problem  and  much  of  the  early  work  on  disease  resistant  strains 
was  done  at  Rutgers  University.  Consequently,  for  this  and  other 
efforts,  the  Aquaculture  Breeding  Center  (ABC)  at  VIMS  shares  a 
memorandum  of  understanding  on  research  with  Rutgers. 

Collaboration  of  this  nature  is  envisioned  for  other  efforts  as 
well,  for  example  with  fish  species  of  import  in  the  mid-Atlantic 
region.  For  striped  bass,  for  example,  it  is  clear  that  the  effort 
needed  to  mount  and  sustain  a  serious  breeding  program  is  beyond 
the  scope  of  one  institution.  Collaboration  is  crucial  and  appropri- 
ate where  common  environmental  variables  exist.  ABC.  because 
of  its  "permanence"  and  focussed  mandate,  can  act  as  a  hub  for 
such  efforts. 

Of  national  importance,  the  Center  has  resolved  to  develop  a 
medium  resolution  genetic  map  for  Crassostrea  species,  first  C. 
virginica.  then  C.  gigas.  We  are  currently  seeking  operational 
funds  for  a  5-year  effort.  Again,  the  full  realization  of  such  a  map 
in  both  a  genetic  and  physical  sense  will  require  multi-institutional 
efforts. 


AN  UPDATE  OF  THE  ABALONE  AQUACULTURE  OF 
CHILE.  Adolfo  Alvial  and  Cristian  Henriquez  Funducion  Chile. 
Antonio  Rabat  Sur  6155.  Santiago,  Chile,  Casilla  773.  Santiago. 
For  many  years  the  only  formal  aquaculture  activity  developed 
in  Chile  was  the  mussel  production  in  the  south  of  the  country  in 
a  very  basic  and  small  scale  way.  The  environmental  advantages  of 
the  Austral  region  evidenced  by  these  pioneer  efforts  allowed  for 


the  rapid  development  of  the  salmon  industry  which,  in  less  than 
fifteen  years,  placed  the  country  as  the  second  largest  farmed 
salmon  producer  in  the  world. 

With  the  explosive  growth  of  salmon  farming  in  Chile,  aqua- 
culture potential  and  its  strategic  importance  for  Chile  became 
obvious.  Consequently  and  considering  commercial  prospects, 
Fundacion  focused  on  Turbot.  Pacific  oyster  and  California  red 
abalone  as  new  species  for  Chilean  aquaculture.  At  this  pr  '  md 
after  the  development  of  Pacific  oyster  and  Turbot  up  to  i nniine.r- 
cial  levels  of  production,  the  next  stage  consisted  of  coiamercial 
abalone  development  through  a  Fundacion  Chile-CORFO  devel- 
opment project. 

Today,  abalone  culture  in  Chile  has  evolved  with  the  present 
operation  of  several  California  red  abalone  (Haliotis  rufescens) 
farms:  three  hatcheries  and  three  ongrowing  units  (two  in  the  sea 
and  one  on  land);  as  well  as  one  hatchery  and  one  ongrowing 
center  of  Japannesse  abalone  (Nordotis  discus  hannai). 

It  is  expected  that  California  red  abalone  will  grow  in  the  south 
and  center  of  the  country.  Meanwhile.  Japannesse  abalone  will 
develop  in  the  north.  Projections  based  on  the  present  development 
allow  for  production  of  8  million  seeds  and  around  700  ton  annual 
production  within  the  next  2-3  years,  making  a  contribution  of 
around  20  million  dollars  to  seafood  exports  of  the  country. 


PERFORMANCE  OF  TRIPLOID  EASTERN  OYSTERS, 
(CRASSOSTREA  VIRGINICA),  IN  MOBILE  BAY,  ALA- 
BAMA. James  W.  Anderson  and  David  B.  Rouse,  Department 
of  Fisheries  and  Allied  Aquacultures,  Auburn  University,  AL 
36849. 

Many  researchers  have  grown  triploid  oysters,  however,  per- 
formance of  triploids  seems  site  specific.  There  is  a  genuine  in- 
terest in  determining  the  potential  benefits  of  producing  triploid 
oysters  in  Alabama.  In  May.  1996,  '/iploidy  was  induced  by  treat- 
ing newly  fertilized  Eastern  oyster,  (Crassostrea  virginica).  eggs 
with  cytochalasin  B.  In  October,  approximately  2000  oysters  from 
each  group  (treatment  and  control)  were  transfen'ed  to  plastic- 
mesh  bags  and  suspended  on  a  long-line  in  Mobile  Bay.  The  ploidy 
of  30  CB-treated  oysters  was  determined  to  be  777f .  therefore,  the 
diploids  and  triploids  in  that  group  were  analyzed  separately.  The 
mean  lengths  were  39.86  ±  8.63  (n  =  7),  43.34  ±  7.67  (n  =  23), 
and  31.07  ±  3,86  mm  (n  =  30)  for  the  treated  diploid,  treated 
triploid,  and  untreated  control  groups,  respectively.  The  mean 
weights  for  these  groups  were  6.61  ±  3.09,  8.23  ±  3.45,  and  3.98 
±  1.15  g.  The  volumes  were  4.86  ±  1.95.  5.87  ±  2.22.  and  2.53  ± 
0.90  ml.  Thirty  oysters  from  the  CB-treated  and  control  groups 
were  sampled  monthly.  In  May.  1997.  83%  of  the  CB-treated 
group  was  triploid.  therefore  n  =  5.  n  =  25.  and  n  =  30  for  the 
treated  diploids,  treated  triploids.  and  control  diploids,  respec- 
tively. 
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INTEGRATED  RESOURCE  MANAGEMENT  USING  GIS: 
SHELLFISH  AQUACULTURE  IN  FLORIDA.  William  S.  Ar- 
nold and  Henry  A.  Norris,  Florida  Department  of  Environmental 
Protection,  Florida  Marine  Research  Institute,  100  Eighth  Avenue 
S.E.,  St.  Petersburg,  PL  33701. 

Hard  clams  of  the  genus  Mercenaria  form  the  basis  of  an 
extremely  lucrative  fishery  in  Florida.  The  fishery  developed  rela- 
tively recently  in  response  to  the  discovery  of  abundant  clam  popu- 
lations in  the  Indian  River  lagoon  region  of  east  central  Florida  in 
the  late  I970"s.  Landings  have  been  sporadic;  periods  of  high 
productivity  in  the  mid-l980"s  and  early  I990's  have  been  inter- 
spersed with  periods  of  relatively  low  productivity  in  the  late  I980"s 
and  at  present.  However,  even  during  those  periods  of  low  pro- 
ductivity, as  many  as  500  clammers  may  be  engaged  in  the  fishery. 

In  response  to  the  extreme  variability  in  landings  (and  resultant 
income)  that  characterizes  the  hard  clam  fishery  in  Florida,  many 
local  residents  have  become  involved  in  the  aquaculture  produc- 
tion of  hard  clams  The  technology  for  hard  clam  aquaculture  is 
well-developed,  and  the  State  of  Florida  fully  supports  this  indus- 
try, but  as  the  industry  continues  to  develop  and  expand  conflicts 
have  arisen.  Original  conflicts  focused  on  the  allocation  of  sub- 
merged bottom  land  between  site-specific  aquaculture  operations 
and  operations  targeting  naturally-occumng  clam  populations. 
However,  those  conflicts  have  expanded  lo  involve  upland  prop- 
erty owners,  environmentalists,  and  natural  resource  managers. 
Further,  the  geographic  scope  of  conflict  has  expanded  concomi- 
tant with  the  expansion  of  hard  clam  aquaculture  from  the  Indian 
River  region  to  other  regions  of  Florida  such  as  Cedar  Key  and 
Charlotte  Harbor. 

We  have  developed,  and  continue  to  expand  and  refine.  Geo- 
graphic Information  System  (GIS)  technology  suitable  for  appli- 
cation to  conflict  resolution  in  the  hard  clam  aquaculture  industry. 
We  utilize  site-specific  information  on  water  depth,  water  quality 
classification,  upland  land  use,  site  accessibility,  transportation 
corridors,  the  distribution  and  abundance  of  clams  and  submerged 
aquatic  vegetation,  and  other  applicable  parameters,  to  detennine 
the  suitability  of  a  site  for  hard  clam  culture.  We  provide  examples 
of  the  successful  application  of  this  technology  in  allocating  hard 
clam  aquaculture  leases  at  several  sites  in  Florida.  Additionally, 
we  discuss  our  application  of  cutting-edge  GIS  software  technol- 
ogy in  a  pro-active  approach  to  maximizing  the  probability  that  the 
least-site  applicant  will  be  successful  in  obtaining  their  lease  and  in 
realizing  an  economically  successful  operation  upon  that  lease, 
while  we  contemporaneously  resolve  complaints  from  competing 
user-groups. 

A  LASER  SCANNING  CONFOCAL  MICROSCOPE  STUDY 
OF  PHAGOSOMAL  pH  IN  EASTERN  OYSTER  HEMO- 
CYTES.  Amy  E.  Beaver*  and  Kennedy  T.  Paynter,  Department 
of  Zoology,  University  of  Maryland,  College  Park,  MD  20742. 

In  vertebrate  phagocytic  cells,  phagocytosis  is  accompanied  by 
rapid  acidification  of  the  phagosome  lumen,  activating  a  number  of 


enzymes  which  catalyze  the  production  of  reactive  oxygen  species 
(ROS).  Similarly,  heniocytes  of  the  Eastern  oyster,  Crassostrea 
virginica,  also  produce  ROS  upon  stimulation  with  zymosan.  We 
have  found  putative  myeloperoxidase  activity  in  extracts  of 
heniocytes  which  has  a  pH  optimum  of  approximately  5.5,  and 
preliminary  experiments  using  heat-killed  yeast  cells  (Saccham- 
))iYces  cerevisiae)  stained  with  pH  sensitive  dyes  indicate  that  pha- 
gasome  acidification  occurs  soon  after  phagocytosis.  Based  on  the 
above  observations,  we  believe  acidification  of  the  phagosome  lumen 
may  be  an  essential  step  in  the  oyster's  internal  defense  mechanism. 

We  investigated  this  aspect  of  molluscan  hemocyte  function 
further  by  conjugating  succinimidyl  esters  of  the  pH  sensitive  dye 
5-  (and-6)-carboxyfIuorescein  and  the  pH  insensitive  dye  5-  (and- 
6)-carboxytetramethylrhodamine  to  heat-killed  yeast  cells.  Phago- 
cytosis of  yeast  cells  by  heniocytes  was  monitored  using  a  laser 
scanning  confocal  microscope  (Bio-Rad  MRC  1024).  Fluorescein 
and  rhodamine  were  chosen  because  the  emission  intensity  of  fluo- 
rescein declines  with  pH.  whereas  rhodamine  emission  is  indepen- 
dent of  pH.  Both  dyes  are  excited  with  a  krypton-argon  laser  (488 
nm),  and  the  emissions  of  each  are  collected  simultaneously.  Thus, 
calculation  of  a  ratio  of  the  two  emission  intensities  allows  for 
quantification  of  pH  within  the  phagosome. 

Raw  hemolymph  was  collected  from  the  adductor  muscle  of 
2-3  oysters,  pooled  on  ice  and  layered  on  the  coverslip  of  a  mi- 
crowell  for  15  minutes  to  allow  hemocytes  to  adhere  lo  the  cov- 
erslip. The  hemolymph  was  washed  with  23  ppt  filtered  artificial 
seawater  (FAS)  and  a  suspension  of  fluorescein-rhodamine  conju- 
gated yeast  cells  in  FAS  with  sodium  bicarbonate  buffer  ( 10  mM, 
pH  7.0)  was  added  to  the  microwell.  A  field  of  cells  was  chosen 
and  monitored,  and  the  area  was  scanned  with  a  krypton-argon 
laser  (488  nm)  every  15-30  seconds  for  the  first  2  minutes.  During 
this  time,  a  reflection  image  of  the  hemocytes  was  also  monitored 
to  ensure  that  the  yeast  cells  being  observed  were  fully  engulfed  by 
the  hemocyte.  After  30  minutes,  the  hemocyte  monolayer  was 
washed  free  of  extracellular  yea.st  cells  and  allowed  to  continue 
phagocytosis  of  captured  yeast  cells  for  one  hour.  At  this  time,  a 
random  sample  of  engulfed  yeast  cells  were  scanned.  To  generate 
a  calibration  curve,  yeast  cells  conjugated  with  fluorescein  and 
rhodamine  were  placed  in  20  mM  Hepes  buffers  at  pH  values  of 
7.0.  6.0,  5.0,  4.5.  and  4.0  and  scanned.  Calibration  data  was  taken 
at  the  end  of  the  experiment  with  all  filters  and  settings  unchanged. 
Images  were  processed  and  ratios  quantified  using  the  NIH  Image 
program.  Our  results  show  that,  within  one  minute,  the  phagosome 
lumen  may  become  acidified  to  a  pH  of  6.0  ±  0.5.  Yeast  cells  that 
were  within  the  phagosome  for  an  hour  or  more  had  pH  values  as 
low  as  5.5  ±  0.5.  Based  on  the  above  observations,  we  believe  that 
phagocytosis  of  foreign  organisms  by  oyster  hemocytes  includes 
the  acidiflcation  of  the  phagosome  lumen  within  one  minute  of 
phagocytosis  and  that  the  phagosome  remains  acidified  for  at  least 
one  hour  and  that  phagosome  acidification,  as  in  mammalian  pha- 
gosomes, is  an  important  part  of  the  cellular  immune  response  in 
molluscs. 
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RE-EXAMINATION  OF  MANILA  CLAM,  TAPES  PHILIP- 
PINARVM,  DISTRIBITION  IN  BRITISH  COLUMBIA, 
CANADA.  Neil  F.  Bourne,  Department  of  Fisheries  and  Oceans. 
Pacific  Biological  Station,  Nanaiino,  B.C.  Canada  V9R  5K6. 

The  manila  clam.  Tapes  philippinanim.  is  an  exotic  bivalve 
species  on  the  west  coast  of  North  America,  having  been  acciden- 
tally introduced  from  Japan  with  juvenile  Pacific  oysters.  Cras- 
sostrea  gigas.  It  was  first  discovered  in  British  Columbia  in  La- 
dysmith  Harbour.  Latitude  49=  N.  in  1937.  Manila  clams  spread 
rapidly  throughout  the  Strait  of  Georgia  in  the  southern  part  of  the 
Province  and  also  along  the  southern  part  of  the  west  coast  of 
Vancouver  Island.  It  was  subsequently  found  in  the  State  of  Wash- 
ington. 

Funher  spread  northward  of  manila  clams  was  thought  improb- 
able because  cold  water  temperatures  would  inhibit  breeding.  In 
1972  the  species  was  found  north  of  Vancouver  Island  at  Latitude 
51°  51'  N.  Subsequent  surveys  showed  the  species  had  spread 
further  northward  and  was  well  established  on  intertidal  beaches  in 
the  Bella  Bella  area.  Latitude  52°  10'  N. 

In  the  mid  1940"s  manila  clams  began  to  be  harvested  in  the 
commercial  fishery  and  the  fishery  has  continued  to  the  present 
day.  Landings  were  generally  minor  until  1980  when  manila  clams 
became  the  bivalve  species  of  preference  in  the  commercial  fish- 
ery. Annual  landings  peaked  at  3.908  t  in  1988  and  intensive 
harvesting  occurred  on  all  suitable  beaches  in  the  southern  part  of 
the  Province. 

Because  of  the  economic  importance  of  manila  clams  and  the 
intensive  nature  of  the  fishery,  extensive  surveys  were  undertaken 
in  1990.  I99I.  1993.  1994.  and  1995  to  assess  manila  clam  popu- 
lations in  the  northern  part  of  the  Province  and  determine  if  they 
could  support  commercial  harvesting.  Results  of  these  surveys 
delineated  manila  clam  distribution  in  this  area  and  showed  a 
commercial  fishery  was  possible;  annual  landings  of  about  50  t 
have  occurred  in  this  area  since  then. 

These  surveys  have  shown  that  major  populations  of  manila 
clams  occur  south  of  the  Seaforth  Channel  area.  Latitude  52°  15' 
N.  Populations  northward  of  this  area  are  small,  local  in  occurence 
and  recruitment  appears  to  be  erratic.  The  farthest  north  population 
of  manila  clams  found  in  British  Columbia  was  on  the  northwest 
coast  of  Aristazabal  Island  at  Latitude  52°  40'  N.  Further  north- 
ward dispersal  of  manila  clams  from  this  area  is  possible  but  it  is 
believed  that  recruitment  will  be  erratic  and  any  resulting  popula- 
tions will  be  minor  because  of  oceanographic  parameters  such  as 
water  temperature  and  currents.  The  feasibility  of  manila  clam 
culture  in  this  area  is  discussed. 


MICROBIAL  FLORA  OF  OFFSHORE  RELAYED  OYS- 
TERS, CRASSOSTREA  VIRGIMCA.  IN  MOBILE  BAY, 
ALABAMA.  Yolanda  J.  Brady*,  Clifford  R.  Vines,  and  Mary 
A.  Delaney,  Auburn  University.  Department  of  Fisheries  and  Al- 
lied Aquacultures.  Auburn  University,  Alabama  36849-5419. 


Oysters.  Crassostrea  virginica.  were  relayed  from  four  accli- 
mation sites  with  salinity  and  temperature  ranges  of  4.3  to  28  ppt 
and  26.5  to  38°C.  respectively,  to  an  offshore  relay  site  with  sa- 
linity and  temperature  ranges  from  33  to  38  ppt  and  24  to  30°C. 
This  study  was  performed  from  July  22.  1996  through  September 
18,  1996.  A  total  of  three  trials  were  performed  in  triplicate.  These 
oyster  groups  were  suspended  at  a  depth  of  6.5  m  in  mesh  bags 
from  a  natural  gas  production  platform.  Oysters  were  primarily 
assayed  for  Vibrio  viihiificti.s.  fecal  coliforms.  Perkinstis  mariniis. 
and  condition  inde.x  at  the  end  of  each  three  week  trial.  Ten  to 
twelve  oysters  collected  during  each  trial  were  homogenized  in  a 
Waring  blender  for  1  to  2  min.  Two  hundred  grams  of  homogenate 
was  transferred  to  200  g  of  phosphate  buffered  saline  (w/w)  fol- 
lowed by  shaking.  The  resulting  suspension  was  used  for  detection 
of  V.  vulniflctis.  fecal  coliforms.  and  inoculated  onto  marine  agar 
(MA)  plates  for  total  aerobic  plate  count.  Oysters  were  sampled 
initially  before  being  taken  offshore  and  subsequently  sampled  for 
3  weeks  while  at  the  relay  site.  This  portion  of  the  study  looked  at 
change  in  the  microbial  flora  of  oysters  when  taken  to  a  different 
environment.  Colonies  were  selected  from  MA  plates  and  trans- 
ferred to  new  MA  plates  to  confirm  isolation.  Bacteria  were  then 
inoculated  into  the  API  20E  and  API  NFT  systems  for  identifica- 
tion and  incubated  at  35°C  for  24  to  48  h.  Vibrio  vulnificus  (ATCC 
27562)  and  V.  parahaemolyticus  (ATCC  17802)  were  used  as 
controls. 

Results  from  the  APT  20E  only  identified  Pseudomonas  putre- 
faciens,  and  Pseudomonas  spp.  The  basic  21  digit  code  failed  to 
separate  the  V.  vulnificus  and  V.  parahaemolyticus  type  strains. 
The  API  NFT  was  able  to  separate  the  type  strains  and  also  iden- 
tify Pseudomonas  putrefaciens.  Pasteurella  haemolytica  and  V. 
alginolyticus.  The  identification  of  the  remaining  isolates  could  not 
be  determined  with  the  API  kits.  Therefore,  these  isolates  were 
analyzed  by  fatty  acid  analysis.  Isolates  identified  were  member  of 
the  genera:  Psvchrobacler.  Moraxella.  Bacillus.  Nocardia.  Entero- 
coccus.  Pseudomonas.  Kluyvera.  and  Aeromonas. 


APPLICATION  OF  VIDEO-ENDOSCOPY  TO  THE  STUDY 
OF  FEEDING  OF  BIVALVES  ON  TOXIC  AND  NON- 
TOXIC DINOFLAGELLATES.  V.  Monica  Bricelj*,  J.  Evan 
Ward,  Allan  D.  Cembella  and  Bruce  A.  MacDonald,  Institute 
for  Manne  Biosciences,  National  Research  Council.  1411  O.xford 
St..  Halifax.  N.S.,  Canada  B3H  3Z1. 

Video-endoscopy  was  used  to  examine  in  vivo  capture  and 
transport  of  dinoflagellate  cells  (toxic  and  non-toxic  Alexandrium 
spp. )  on  the  gills  of  two  bivalve  molluscs,  the  softshell  clam,  Mya 
arenaria,  and  the  European  oyster,  Ostrea  edulis.  Exposure  to 
dinoflagellates  which  produce  paralytic  shellfish  poisoning  (PSP) 
toxins,  has  been  previously  reported  to  cause  feeding  (clearance 
rate)  inhibition  and  stimulation,  respectively,  in  these  two  species. 
The  basis  for  this  differential  sensitivity  was  evaluated  from  en- 
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doscopic  observations  of  adult  specimens  following  short-term  ex- 
posure to  toxic  (A.  tamareuse  clone  PR18b)  or  non-toxic  microal- 
gae  {A.  tamarense  clone  CCMPl  15  or  a  control  diet  of  the  diatom 
Thalassiosira  weissflogii). 

Clams  exhibited  contraction  and  collapse  of  the  gills  within 
<10  min  of  exposure  to  toxic  Alexamirtum  cells  (toxicity  averaged 
336  pg  saxitoxin  equivalents  celP').  whereas  in  oysters,  gill  func- 
tion and  ciliary  activity  remained  unaffected.  This  insensitivity 
makes  O.  ediilis.  unlike  the  Eastern  oyster.  Crassostrea  virginica. 
a  likely  candidate  to  accumulate  significant  levels  of  PSP  toxins 
during  blooms  of  toxic  Alexandriwn  spp.  In  oysters,  important 
differences  between  transport  of  dinoflagelhUe  (toxic  or  non-toxic) 
and  diatom  cells  were  observed.  When  offered  alone  at  about  2  x 
10'  cells  r',  AleMiiulrimn  cells  were  transported  almost  exclu- 
sively on  the  dorsal  ciliated  tracts  at  the  base  of  the  gills,  where 
material  is  more  likely  to  be  accepted  for  ingestion,  rather  than  in 
ventral  ciliated  grooves,  where  rejection  as  pseudofeces  commonly 
occurs.  However,  a  large  proportion  of  dinoflagellates  transported 
along  dorsal  tracts  escaped  capture  at  the  gill-labial  palp  junction 
as  free  particles.  Even  when  offered  in  a  mixed  suspension  with  the 
diatom  T.  weissflogii.  dinotlagellate  cells  were  rarely  observed  in 
pseudofeces.  Our  study  thus  provides  evidence  of  selective  pro- 
cessing of  the  two  algal  cell  types  on  the  pallial  organs.  We  de- 
scribe an  alternative  mechanism  whereby  algal  cells  captured  by 
the  gills  can  be  secondarily  "rejected"  prior  to  ingestion  even 
when  they  are  not  incorporated  in  mucus-bound  pseudofeces. 
These  observations  may  have  general  implications  for  the  mechan- 
ics of  suspension-feeding  in  bivalves  exposed  to  large  (>20-30 
fxm)  motile  microalgae  at  aquaculture  growout  sites,  where  di- 
noflagellates are  often  a  dominant  component  of  the  summer  phy- 
toplankton. 

LAND-USE  PATTERNS,  HYDRODYNAMICS  AND  THE 
SPATIAL  PATTERN  OF  DERMO  DISEASE  IN  TWO 
SOUTH  CAROLINA  ESTUARIES.  David  Bushek*,  David 
White,  Dwayne  Porter  and  Don  Edwards,  University  of  South 
Carolina.  Baruch  Institute  for  Marine  Biology  and  Coastal  Re- 
search, Columbia.  SC  29208. 

Spatial  and  temporal  patterns  of  Perkinsus  marinus  infections 
(Dermo  disease)  in  oysters  are  commonly  correlated  with  teinpera- 
ture  and  salinity.  However,  these  factors  do  not  account  for  all  of 
the  variability  observed  within  or  among  estuaries.  Land-use  pat- 
terns within  the  estuary  or  the  surrounding  watershed  (e.g..  agri- 
culture, industry,  urban,  etc.)  as  well  as  the  estuary's  hydrodynam- 
ics may  also  affect  the  distribution  of  P.  marinus  and  the  progres- 
sion of  Dermo  disease.  We  u.sed  a  Geographic  Information  System 
(GIS)  and  the  geostatistic  kriging  to  compare  spatial  patterns  of 
Dermo  disease  with  patterns  of  land-use  and  estuarine  hydrogra- 
phy in  two  similar  South  Carolina  estuaries — one  urbanized,  one 
■insiine. 

North  Inlet  Estuary  and  its  watershed  are  undeveloped  and 
vii.uaiiy  pristine.  Murrells  Inlet  Estuary  (depicted  here)  and  its 


watershed  contains  several  types  of  development  including  agri- 
culture, urbanization  and  a  dredged  channel  as  well  as  a  relatively 
pristine  area  within  a  state  park.  Both  estuaries  are  shallow,  tidally 
dominated  systems  of  similar  size  and  configuration  and  located 
about  20  miles  apart.  Landscape  and  lund-use  patterns  were  deter- 
mmed  for  each  estuary  and  entered  into  a  GIS.  Beginning  Sep- 
tember 1996.  Dermo  infection  intensity  was  ranked  for  ten  oysters 
from  30  to  40  reefs  within  each  estuary  on  a  quarterly  basis. 
Kriging  these  data  produced  a  predicted  continuous  distribution  of 
infection  intensity  throughout  each  system  that  was  then  incorpo- 
rated into  the  GIS.  Maps  were  produced  to  compare  patterns  of 
land-use  and  hydrography  with  disease  intensity. 

Disease  intensity  followed  typical  seasonal  cycles  throughout 
both  estuaries,  but  intensities  were  typically  higher  in  the  devel- 
oped system.  Spatial  patterns  were  most  apparent  when  seasonal 
intensities  were  highest.  Higher  intensities  in  North  Inlet  were 
generally  associated  with  areas  likely  to  be  poorly  flushed.  In 
Murrells  Inlet,  intensities  increased  with  urbanization  and  other 
human  development.  Highest  intensities  were  concentrated  around 
the  dredged  channel. 


NON-NATIVE  OYSTERS  SURVIVE  AND  GROW  IN  VIR- 
GINIA: EVALUATING  THE  PERFORMANCE  OF  CRAS- 
SOSTREA GIGAS  AGAINST  CRASSOSTREA  VIRGINICA, 
IN  RELATION  TO  SALINITY,  IN  CHESAPEAKE  BAY 
AND  ATLANTIC  COAST  WATERS.  Gustavo  W.  Calvo  and 
Mark  W.  Luckenbach,  School  of  Marine  Science.  Virginia  In- 
stitute of  Marine  Science.  College  of  William  and  Mary.  P.O.  Box 
1346,  Gloucester  Point.  VA  23062. 

To  revitalize  the  shellfish  industry  of  Virginia,  the  state  General 
Assembly  recently  requested  that  the  Virginia  Institute  of  Marine 
Science  (VIMS)  initialed  field  testing  of  oyster  species  not  native 
to  the  Commonwealth.  To  carry  out  such  testing.  VIMS  developed 
a  program  in  conformance  with  state,  federal,  and  international 
laws  and  protocols.  We  report  on  the  status  of  an  on-going  field 
investigation  to  evaluate  the  performance  of  non-native  C.  gigas  in 
Virginia. 

In  May-June  1997,  groups  (N  =  600  oysters)  of  triploid  C. 
gigas  (3VMN)  and  triploid  C.  virginica  (3DLA)  were  deployed  in 
floating  trays,  at  triplicate  low  salinity  (<I5  ppt),  medium  salinity 
(15-25  ppt).  and  high  salinity  (>25  ppt)  sites.  Criteria  for  site 
selection  included  salinity  regime,  geographic  distribution,  rel- 
evance for  the  oyster  industry,  water  quality,  oyster  grow-out  po- 
tential, and  logistics.  Nine  sites  were  selected  covering  a  range  of 
conditions  within  Chesapeake  Bay  and  Atlantic  Coast  waters  of 
Virginia.  In  addition  to  triploid  oysters,  two  diploid  C.  virginica 
control  groups,  one  from  a  selected  stock  exhibiting  increased 
growth  and  survival  in  disease  endemic  Chesapeake  Bay  waters 
(2DVR).  and  one  exhibiting  good  growth  and  survival  in  Atlantic 
Coast  waters  (2S10).  were  included  at  specific  sites.  At  the  time  of 
deployment,  mean  shell  height  for  3VMN.  3DLA.  2DVR.  and 


Aqiiaciillmv  ''■)S.  Las  Vegas,  Nevada 


Ahstnuts.  hebaiary  15-1'),  1W8      .^21 


2S10,  were  respectively  1').2,  .^.7,  20.5,  and  4.^.2  mm.  Survival 
was  tbIUnved  monthly  hy  counting  all  live  and  dead  oysters,  and 
growth  was  followed  monthly  by  repeatedly  measuring  individu- 
ally labeled  oysters  (N  =  100)  for  each  group  at  each  site.  A 
repeated  measures  ANOVA  was  used  to  examine  the  effects  of 
oyster  group,  salinity  regime,  and  time,  on  shell  height  measures. 
Disease  status  was  assessed  on  samples  of  25  oysters  from  each 
group  at  each  site  taken  prior  to  deployment  and  in  July  1997. 
Ray's  Fluid  Thioglycollatc  Medium  (RFTM)  assays  of  a  combined 
gill,  mantle,  and  rectum  tissues  were  used  for  diagnoses  of  Perk- 
insiis  niariiuis.  Paraffin  histology  preparations  were  used  for  diag- 
noses of  Hiiplospoiiilimii  iiclsoni. 

Monthly  sampling  in  June  and  July  revealed  that  survival  was 
high  (>909f)  for  all  groups  at  all  sites,  except  for  2DVR  at  the 
moderate  salinity  YKRV  site  which  exhibited  84%  survival  in  the 
initial  June  sampling.  Overall  growth  rates,  computed  as  incre- 
mental mean  shell  height  over  the  interval  sampling  time,  were 
highest  for  3VMN  oysters  at  high  salinity  (0.5  mm/day).  At  mod- 
erate salinity  3VMN  oysters  had  growth  rates  similar  to  3DLA 
oysters  (0.3  mm/day).  At  low  salinity,  3VMN  oysters  had  low  (0.2 
mm/day)  growth  rates,  comparable  to  the  0.2 — 0.3  mm/day  rates 
found  in  2DVR  and  2S10  oysters.  Despite  the  smaller  size  of 
3VMN  oysters  compared  to  3DLA  oysters  ( 19,2  mm  vs.  31.7  mm) 
in  May-June,  3VMN  oysters  outgrew  3DLA  oysters  at  high  sa- 
linity by  July  (52.3  mm  vs.  51.3  mm).  Repeated  measures 
ANOVA  revealed  that  salinity  regime,  oyster  group,  time,  and  the 
interactions  between  all  factors,  had  significant  (P  =  0.0001)  ef- 
fects on  oyster  shell  height.  Prevalence  of  P.  iinirinits  and  H. 
nelsoni  infections  was  low  (<20%)  for  C.  viit^inica  groups  and 
even  lower  (<5'7r)  for  C.  gi^os  groups.  Four  cases  of  heavy  H. 
nelsoni  infections  were  found  in  3DLA  oysters  at  the  moderate 
salinity  (York  River)  site  in  July.  Although  these  preliminary  re- 
sults indicate  the  potential  of  using  non-native  oysters  to  revitalize 
the  oyster  industry  in  Virginia,  it  is  still  to  early  in  our  study  to 
make  any  final  conclusion.  We  will  be  reporting  on  the  progression 
of  the  study,  as  sampling  continues  during  the  following  months. 


USE  OF  FLUORESCEIN  ISOTHIOC Y AN ATE- 
LIPOPOLYSACCHARIDE  FOR  THE  DETECTION  OF  LI- 
POPOLYSACCHARIDE-BINDING  PROTEINS  IN  CRUS- 
TACEA. Washington  Cardenas  and  John  R.  Dankert,  Depart- 
ment of  Biology,  University  of  Southwestern  Louisiana.  Lafayette, 
LA  70504. 

Current  knowledge  of  crustacean  immunology  has  failed  to 
prove  the  presence  of  immunoglobulin  molecules  in  the  host  de- 
fense system  of  these  animals.  However,  these  organisms  must 
possess  an  innate  defense  system  that  can  protect  them  against  the 
invasion  of  potential  pathogens  in  the  environment.  The  pro-PO 
system  has  been  shown  to  be  a  potential  candidate  of  the  innate 
defense  mechanism  of  these  animals.  This  enzymatic  cascade  is 
located  within  granules  of  the  hemocytes  and  can  be  activated  by 


molecules  of  microbial  origin,  such  as  zymosan  and  lipopolysac- 
charides  (LPS).  The  active  compound  in  zymosan  (carbohydrates 
of  yeast  cell  walls)  is  p-l,3-glucan.  The  activation  of  the  pro-PO 
system  bv  this  polymer  seems  to  be  mediated  by  a  p-l,3-glucan- 
binding  proteni  found  in  the  plasma  of  crayfish  and  shrimps. 

We  have  been  able  to  detect  a  putative  LPS-binding  (LBP) 
protein  from  the  plasma  of  the  white  river  crayfish  Procambanis 
-onaitfiulus  by  using  an  indirect  ininiunoblot  technique.  This  pro- 
tein was  obtained  from  a  weak  cation  exchange  column,  electro- 
phoresed  in  a  BioRad  Mini  Transblot.  and  electro-transferred  to 
nitrocellulose  paper.  The  putative  LBP  was  detected  by  hybridiz- 
ing the  blotted  proteins  with  FITC-LPS.  Bound  LPS  was  probed 
with  a  primai7  monoclonal  anti-FITC  antibody  from  mouse.  Pri- 
mary antibody  was  detected  with  Goat  anti-mouse  IgG  (Fc  spe- 
cific) alkaline  phosphatase  conjugate.  This  technique  depicted 
some  unspecific  binding  when  compared  to  a  control  (No  FITC- 
LPS  addition),  but  a  single  band  of  an  apparent  molecular  mass  of 
128.6  kDa  seems  to  bmd  specifically  to  FITC-LPS. 

This  LBP  has  a  similar  molecular  mass  to  the  100  kDa  (3-1,3- 
glucan  binding  protein  isolated  from  crayfish.  Competitive  binding 
experiments  will  be  able  to  helps  us  determine  which  region  of  the 
LPS  molecule  (O-antigen  polysaccharide  or  Lipid  A)  is  recognized 
by  the  LBP. 


HOST  DEFENSES  AGAINST  PERKINSUS  MARINUS:  A 
REVIEW  OF  RECENT  FINDINGS  IN  THE  EASTERN  OYS- 
TER, CRASSOSTREA  VIRGINICA.  Fu-Lin  E.  Chu,  Virginia 
Institute  of  Marine  Science,  School  of  Marine  Science,  College  of 
William  and  Mary,  Gloucester  Point,  VA  23062. 

Heavy  mortality  in  the  eastern  oyster  population  caused  by  the 
two  protozoan  parasites.  Perkinsus  marinus  (Dermo)  and  Hap- 
plosporidium  nelsoni  (MSX),  has  generated  great  interest  in  un- 
derstanding the  cellular  and  humoral  defenses  of  this  oyster  spe- 
cies and  their  expression  in  different  environments.  Temperature 
and  salinity  are  two  important  factors  limiting  the  progression  of 
the  diseases  caused  by  these  two  parasites.  The  seasonal  variation 
of  certain  hemolymph  components  in  oysters  collected  from  the 
field,  the  expression  of  defense-related  activities  in  contaminant- 
exposed  oysters  and  oysters  at  a  range  of  temperature  and  salinity 
conditions  after  exposure  to  P.  marinus  have  been  examined.  Re- 
sults revealed  that:  1 )  higher  circulating  total  hemocyte  counts  and 
%  of  granulocytes  occurred  in  the  months  of  higher  water  tem- 
peratures: 2)  lysozyme  (L)  concentration  was  highest  in  the 
months  of  lower  water  temperatures,  concomitantly  with  low  sa- 
linities: 3)  higher  plasma  L  was  found  in  oysters  from  low  than 
from  high  salinity  habitats;  4)  oysters  maintained  at  higher  tem- 
peratures had  higher  concentrations  of  circulating  hemocytes,  %  of 
granulocytes  and  phagocytic  capability,  but  did  not  have  fewer  or 
less  intense  P.  marinus  infections:  5)  oyster  plasina  lysozyme  con- 
centrations significantly  correlated  negatively  with  temperature 
and  salinity:  6)  exposing  oysters  and  oyster  hemocytes  to  environ- 
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mental  contaminants  modulated  the  hemocyte  activities  to  some 
extent;  and  7)  environmental  contaminants  could  be  a  potential 
stressor,  causing  elevated  P.  marinus  susceptibility  and  disease 
progression  in  oysters.  The  in  vitro  interaction  oi  P.  marinus  mero- 
zoites  with  hemocytes  from  eastern  oysters  has  also  been  evalu- 
ated. Hemocytes  recognized  and  phagocytosed  P.  marinus.  Mero- 
zoites  were  rapidly  ingested  by  hemocytes,  but  only  some  of  the 
phagocytosed  merozoites  showed  signs  of  degeneration.  Exposing 
hemocytes  to  zymosan  (yeast  extract)  induced  a  chemikimines- 
cence  (CL.  a  measurement  of  reactive  oxygen  intermediates)  re- 
sponse in  hemocytes.  However,  no  CL  response  was  elicited  when 
hemocytes  were  challenged  with  P.  marinus.  This  suggests  that 
intracellular  killing  of  P.  marinus  is  not  mediated  by  reactive 
oxygen  intermediates  (ROIs).  The  finding  of  suppression  of  CL 
generated  by  zymosan-stimulated  hemocytes  by  live  merozoites/ 
meronts  and  their  extracellular  products  supports  this  hypothesis. 
When  intracellular  killings  of  P.  marinus  by  hemocytes  was  fur- 
ther evaluated  by  measuring  the  killing  index  of  live  P.  marinus  by 
hemocytes.  this  observation  indicates  that  only  a  few  individual 
oysters  were  capable  of  destroying  the  parasite  intracellularly. 
These  results  imply  that  the  oyster  cellular  mechanisms  may  not  be 
effective  in  defense  against  P.  marinus.  and  that  higher  plasma 
lysozyme  in  oysters  at  low  temperature  and  salinity  may  offer  an 
unfavorable  environment  for  the  development  of  the  parasite  and/ 
or  further  weakening  of  parasite  activity.  The  oyster  plasma 
lysozyme  has  been  partially  purified,  characterized,  and  is  cur- 
rently being  tested  for  its  effect  on  P.  nuirinus's  viability.  ROIs 
produced  by  hemocytes  may  be  immediately  scavenged  by  poten- 
tial antioxidants  of  P.  marinus. 


UPTAKE,  DISTRIBUTION.  AND  BIOCONVERSION  OF 
FLUORESCENT  LIPID  ANALOGS  IN  THE  OYSTER  PRO- 
TOZOAN PARASITE,  PERKMSUS  MARINUS.  Fii-Lin  E. 
Chu,  Yongqin  Huang,  Aswani  K.  Volety,  and  Georgeta  Constan- 
tin,  Virginia  Institute  of  Marine  .Science,  School  of  Marine  Sci- 
ence. College  of  William  and  Mary,  Gloucester  Point.  VA  2.^062. 
It  has  been  established  that  host  lipids  play  a  unique  role  for 
long  term  survival  and  life  cycle  completion  in  endogenous  para- 
sites. Parasites  exploit  fatty  acids  and  lipids  from  the  host,  not  only 
for  membrane  synthesis,  but  also  for  modification  of  their  surface 
integrity  to  avoid  host  defense.  Studies  in  our  laboratory  revealed 
that  the  content  of  total  lipids  increased  in  the  parasite.  Perkinsus 
maiinus.  parallel  to  the  increase  in  cell  numbers.  Depletion  of  total 
lipid,  different  class  lipids,  and  arachidonic  acid  in  media  cultured 
with  the  parasite  was  noted.  To  study  lipid  utilization  by  this 
parasite,  we  followed  the  uptake  of  "nuorescent  labeled"  fatty 
acid  and  phospholipid  analogs  in  the  merozoite/meront  and  pre- 
/-■losporangia  stages  of  P.  marinus.  After  24  hr  incubation  at  28'C 
v."th  fluorescent  labeled  phosphatidylethanolamine  (PE),  phos- 
ihaJidylchoIine  (PC),  and  free  fatty  acid  (FFA.  CI 2:0)  analogs, 
ye!icw-gold  fluorescence  was  present  primarily  in  the  discrete 


lipid  droplets  throughout  the  parasite.  Analysis  of  lipid  class  com- 
position using  thin  layer  chromatography  showed  that  the  mero- 
zoite/meront stage  incorporated  PC  and  transformed  it  into  PE, 
FFA,  and  two  components  tentatively  identified  as  phosphati- 
dylserine  (PS*)  and  triacylglycerol  (TAG*).  PE  was  also  metabo- 
lized to  PS,  PC  and  TAG  in  ineront/merozoite.  Incorporation  of  PC 
and  FFA  (CI 2:0)  was  observed  in  prezoosporangia,  but  there  was 
no  conversion  of  PC  to  PE  or  PS.  instead  PC  in  prezoosporangia 
was  metabolized  into  two  components  presumptively  to  be  FFAs. 
The  fluorescent-labeled  CI 2:0  in  prezoosporangia  was  incorpo- 
rated in  TAG.  These  results  suggest  that  P.  marinus  incorporated 
and  modified  lipids  from  exogenous  sources  and  that  the  metabolic 
modes  of  meront  differed  from  prezoosporangia. 

AN  UPDATE  OF  THE  ABALONE  AQUACULTURE  OF 
SOUTH  AFRICA.  Peter  Cook,  Department  of  Zoology,  Univer- 
sity of  Cape  Town,  77(J0,  South  Africa. 

Abalone  farming  is  relatively  new  to  South  Africa  having 
started  only  after  it  was  demonstrated  in  about  1988  that  the  South 
African  species.  Haliotis  midae,  could  be  spawned  in  captivity. 
Initial  research  demonstrated  that  growth  rates  and  food  conver- 
sion rates  were  sufficient  to  indicate  economic  viability  of  farming 
and,  following  this,  several  large  fishing  companies  initiated  farm- 
ing projects.  Most  of  the  farms  are  based  in  the  south-western  part 
of  the  country,  coinciding  with  the  distribution  of  the  main  natural 
abalone  populations  and  with  the  occurrence  of  natural  kelp,  which 
forms  the  main  food  source  for  most  farms.  Farms  that  are  devel- 
oping in  the  eastern  part  of  the  country,  where  no  kelp  occurs,  rely 
mainly  on  artificial  food  or  cultured  Giacilara  to  feed  their  stock. 

None  of  the  South  African  farms  are  yet  up  to  their  full  pro- 
duction capacity,  but  small  quantities  of  farmed  abalone  have  been 
exported  since  about  1996.  Once  full  capacity  is  reached,  the  total 
combined  farm  production  from  South  Africa  should  be  about  500 
metric  tonnes  per  year.  An  interesting  new  development  has  been 
the  introduction  of  abalone  ranching  at  a  farm  on  the  west  coast. 
Although  the  farm  has  not  yet  been  in  production  long  enough  to 
publish  long-term  results,  preliminary  economic  analysis  suggests 
that  the  farm  may  become  very  successful  in  the  near  future. 

Problems  experienced  so  far  have  included  losses  of  post- 
larvae  following  outbreaks  of  Red  Tide,  low  west  coast  water 
temperatures  that  have  resulted  in  low  growth  rates,  and  losses  of 
juvenile  animals  following  infestations  of  a  sabellid  parasite.  Re- 
search now  being  conducted  suggests  that  all  of  these  problems 
can  be  solved  and  the  future  of  abalone  farming  in  south  Africa 
looks  very  promising. 

COMPARISON  OF  TWO  PSP  TESTING  METHODS,  ANA- 
TOMICAL DISTRIBUTION  AND  INDIVIDUAL  VARI- 
ABILITY IN  PSP  TOXINS  IN  THE  GEODUCK  CLAM. 
Kelly  M.  Curtis*  and  K.  Chew,  Ph.D.,  University  of  Washington, 
School  of  Fisheries,  Box  .^57980,  Seattle,  WA  98195. 
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Paralytii:  Shelll'ish  Poisoning  (PSP)  has  a  long  history  of  caus- 
ing major  problems  for  shellfish  consumers  all  over  the  world. 
Serious  illness  or  death  can  occur.  Recalls  of  to.xic  shellfish  can  be 
damaging  to  everyone  as  well.  Recalls  may  reduce  consumer  con- 
fidence in  the  shellfish  product,  and  ultimately  lead  to  devaluation 
of  the  product  and  loss  of  income  to  harvesters,  producers  and 
sellers.  Fortunately,  many  areas  of  the  world  are  setting  up  moni- 
toring programs  to  ininimize  the  threat  of  PSP  poisoning  to  con- 
sumers, and  also  to  help  minimize  product  recall.  In  Washington 
state,  the  geoduck  clam.  Pwiope  ahrupia,  is  a  valuable  economic 
resource,  where  it  is  harvested  and  sold  as  a  food  product.  How- 
ever, the  clam  bioaccumulates  the  toxic  dinofiagellate.  Atexan- 
driiim  calenella.  an  organism  responsible  for  PSP.  This  may  de- 
\alue  the  geoduck  as  a  food  item  for  human  consumption.  His- 
torically, levels  of  PSP  toxins  in  the  tissues  of  the  geoduck  were 
not  considered  a  problem;  it  was  assumed  that  the  gut  was  thrown 
out  and  the  rest  consumed.  In  addition,  harvesting  occurred  in 
areas  of  Puget  Sound  where  there  were  no  problems  with  PSP. 
Now.  it  has  been  learned  that  various  Asian  and  Tribal  communi- 
ties are  actually  consuming  the  gut  and  new  tracts  are  being  sur- 
veyed and  opened  for  harvest  in  these  traditional  'hot'  areas. 

The  current  method  in  Washington  State  for  monitoring  of  PSP 
in  geoduck  may  not  be  valid,  especially  as  new  tracts  in  "hot"  areas 
are  being  opened.  A  composite  sample  of  three  geoducks  from 
each  of  two  tracts  in  Puget  Sound  are  tested  for  toxicity,  approxi- 
mately once  a  week.  When  PSP  levels  exceed  the  regulatory  level 
of  80  |jLg/100  g  in  this  composite  sample,  the  fishery  is  closed  and 
remains  closed  until  PSP  levels  have  dropped  below  80  (xg.  This 
method  does  not  account  for  variability  in  the  clams,  and  may  lead 
to  late  closures  or  premature  openings  of  the  fishery.  No  informa- 
tion is  currently  available  regarding  the  relationship  between  PSP 
toxins  and  the  geoduck.  The  purpose  of  this  study  is  to  address  the 
following  questions:  ( 1 )  What  is  the  variance  in  toxicity  between 
individual  geoducks,  and  does  it  correlate  with  season,  depth,  sub- 
strate or  harvest  site:  (2)  what  is  the  anatomical  distribution  of  PSP 
toxins  in  the  geoduck;  and  (3)  how  does  the  receptor-binding  assay 
compare  to  the  mouse  bioassay  in  testing  for  PSP? 

From  July  through  December.  1997.  geoducks  were  collected 
weekly  from  two  tracts  within  Puget  Sound  which  were  known  to 
have  had  problems  with  PSP.  Two  sites  within  each  tract  were 
chosen  at  random,  and  all  subsequent  sampling  took  place  at  those 
sites.  Data  collected  at  each  site  included:  date,  time  of  collection, 
depth,  substrate,  length,  weight,  and  quality  of  geoduck.  Neck, 
body,  and  visceral  ball  were  analyzed  separately  using  the  mouse 
bioassay.  with  the  same  samples  analyzed  via  the  receptor-binding 
assay.  Results  were  analyzed  using  simple  statistical  methods  in 
order  to  address  the  previous  questions,  and  will  be  discussed. 

New  information  regarding  variability  in  the  geoducks  may 
lead  to  a  revision  of  the  current  monitoring  program  for  PSP  in 
geoducks.  This  information  may  also  minimize  product  recall,  as 
well  as  minimize  the  possible  loss  of  thousands  of  dollars  for  stale 
and  tribal  harvesters. 


PHENOLOXIDASE  ACTIVITY  IN  THE  HEMOLYMPH  OF 
THE  MOLLUSCS  GEUKENSIA  DEMISSA  AND  MERCE- 
NARIA  MERCENARIA.  Lewis  E.  Deaton  and  John  R.  Dankert, 

Biology  Department.  University  of  Southwestern  Louisiana, 
Lafayette.  LA  70504. 

The  enzyme  phenoloxidase  has  been  found  in  the  hemolymph 
of  a  wide  variety  of  invertebrates.  In  many  animals,  the  activity  of 
the  enzyme  is  stimulated  by  incubation  with  trypsin  or  with  fungal 
or  bacterial  cell  wall  components.  In  a  few  species,  there  is  evi- 
dence that  the  enzyme  is  secreted  into  the  hemolymph  as  an  inac- 
tive form,  prophenoloxidase  that  is  converted  to  the  active  form  by 
a  protease  cascade.  These  results  have  implicated  the  enzyme  as  an 
internal  defense  mechanism.  In  molluscs,  prophenoloxidase  is  in- 
volved in  formation  of  the  periostracum  during  shell  growth,  but  the 
role  of  the  enzyme  in  internal  defense  remains  Uirgely  unexplored. 

We  collected  hemolymph  from  the  Atlantic  ribbed  mussel, 
Geukensiii  cleiiiissa  and  the  clam  Mercenarta  mercenaria  and  as- 
sayed hemolymph.  plasma  and  an  extract  of  the  hemocytes  for 
phenoloxidase  activity  using  either  L-DOPA  or  4-methyl  catechol 
as  a  substrate.  We  have  found  activity  in  all  three  fractions  from 
both  species.  The  enzyme  oxidizes  catechol  more  rapidly  than  it 
does  DOPA.  so  we  have  used  the  catechol  assay  system  to  quantify 
the  activity  of  the  enzyme.  In  M.  mercenaria.  activity  in  the  plasma 
and  hemocyte  extracts  ranged  from  0.014  to  0.260  and  0.004  to 
0.025  absorbance  units  min~'  mg  protein"',  respectively.  In  G. 
Jemissu.  the  activity  in  the  plasma  ranged  from  0.006  to  0.052  and 
in  hemocyte  extract  from  zero  to  0.1 12.  Pre-incubation  of  G.  de- 
missa  plasma  with  trypsin  (;20  min)  significantly  (P  <  0.05;  n  = 
8)  increased  the  activity  by  about  30  a.u.  min"'  mg  protein"'. 
Trypsin  did  not  stimulate  phenoloxidase  activity  in  all  hemocyte 
extract  preparations  and  the  mean  effect  was  not  significant.  Pre- 
incubation of  plasma  or  cell  extracts  with  yeast  cell  wall  extract 
(0.05%  Zymosan)  or  with  bacterial  cell  lipopolysaccharides  (0.05 
mg/ml  v.  vidnificans)  did  not  consistently  stimulate  phenoloxidase 
activity.  In  M  mercenaria.  plasma  and  hemocyte  extract  phe- 
noloxidase activity  was  not  stimulated  by  yeast  or  bacterial  mate- 
rial or  by  trypsin.  The  serine  protease  inhibitor,  phenylmethylsul- 
fonylflouride  did  not  consistently  inhibit  phenoloxidase  activity  in 
either  species. 

While  it  is  clear  that  there  is  substantial  phenoloxidase  activity 
in  both  hemocytes  and  plasma  of  molluscs,  it  is  less  certain  that  the 
enzyme  plays  a  role  in  internal  defense. 

A  TIME  SERIES  ANALYSIS  OF  LARVAL  SURVIVORSHIP 
AT  THE  CMI  SCALLOP  FARM,  BAHIA  INGLESA.  CHILE, 

1991-1994.  Robert  T.  Dillon,  Jr.  Department  of  Biology,  College 
of  Charleston,  Charleston.  SC  29424. 

The  proportion  of  D-stage  larval  Argopecten  piirpuraius  sur- 
viving to  set  at  Chile's  CMI  hatchery  decreased  alarmingly  over  a 
record  of  184  weeks  (293  observations).  A  striking  downward 
trend  remained  in  the  data  after  log-ranking,  and  removal  of  the 
seasonal  component. 
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Seven  dependent  variables  were  examined  for  evidence  of  ef- 
fects on  larval  survivorship:  temperature,  bay  turbidity.  Vibrio 
count  at  water  intake,  number  of  parents,  larval  rearing  protocol  (4 
methods),  antibiotic  treatment,  and  delivery  of  gasoline. 

No  effects  were  associated  with  temperature  (after  seasonal 
adjustment),  turbidity,  vibrio,  or  gasoline  delivery.  Some  worsen- 
ing seemed  related  to  the  changes  in  culture  method  from  protocol 
1  (initial  weeks)  to  protocol  3  (standard).  Survivorship  was  very 
significantly  worse  in  culture  protocol  4  (post  shut-down). 

The  significant  downward  trend  in  larval  survivorship  contin- 
ued through  the  "protocol  4."  the  final  61  weeks  of  record.  There 
was  a  striking  correspondence  between  humps  in  the  seasonally- 
adjusted,  log-transformed  data  through  this  period  and  particular 
antibiotic  treatments.  This  suggests  that  larval  survivorship  was 
substantially  impacted  by  pathogenic  microbes.  The  small  number 
of  parents  spawned  in  the  final  seven  weeks  of  the  record  may  also 
have  contributed  to  larval  survivorship  woes. 

HISTOLOGY  AND  HISTOCHEMISTRY  OF  THE  HEART, 
PERICARDIAL  GLAND  AND  KIDNEY  OF  THE  SOFT- 
SHELL  CLAM,  MYA  ARENARIA.  Albert  F.  Ehle  and  Daniel 
Caruso,  The  College  of  New  Jersey,  Department  of  Biology,  PO 
Box  7718,  Ewing.  NJ  08628-0718, 

Atria  have  thin,  muscular  trabeculae  composed  of  glycopro- 
teins supported  by  collagenous  connective  tissue.  The  epicardium 
consists  of  large  podocytes  containing  granules  in  the  apical  cy- 
toplasm and  basally  situated  spherical  nuclei.  Stout,  muscular  tra- 
beculae composed  chiefly  of  glycoproteins  constitute  the  ventricu- 
lar myocardium;  muscle  nuclei  are  ovoid  with  evenly  spaced  het- 
erochromatin.  The  epicardium  is  a  simple,  low  cuboidal  epithelium 
with  elongate  nuclei. 

The  pericardial  gland  is  of  the  compound,  tubular  type  with 
numerous  glandular  acini.  The  acinar  epithelium,  regarded  as 
podocytes.  is  simple  cuboidal  with  many  granules  evenly  distrib- 
uted throughout  the  cytoplasm;  nuclei  are  ovoid,  basal  and  have 
evenly  distributed  heterochromatin.  Glandular  acini  are  supported 
by  collagenous  connective  tissue  and  are  bathed  by  hemolymph 
sinuses. 

The  kidney  is  a  compound,  tubular  gland  located  just  ventral  to 
the  pericardial  coelom;  a  dorsal  limb  of  the  kidney  is  in  juxtapo- 
sition to  and  surrounds  the  aortic  bulb.  Renal  tubule  cells  are 
arranged  as  a  simple,  columnar  epithelium  containing  spherical 
nuclei  with  uniform  heterochromatin.  Apical  surfaces  of  renal  tu- 
bule cells  show  evidence  of  apocrine-type  secretory  activity;  ba- 
solateral  surfaces  are  supported  by  a  dense,  collagenous  connective 
tissue  that  separates  renal  tubule  cells  from  surrounding 
hemolymph  sinuses. 

OYSTER  SEED  DISEASES  AND  HEALTH  MANAGEMENT 
LN  INTENSIVE  MOLLUSC  CULTURE.  Ralph  Elston  and 
'.''.in  Cheney,  Pacific  Shellfish  Institute.  120  Stale  Ave.  N.E.. 
'142,  Olympia.  WA  98501-0600. 


Since  the  late  1970's,  the  technology  for  mass  production  of 
larvae  and  spat  of  many  species  of  bivalve  molluscs,  particularly 
oysters,  has  been  commercialized.  A  variety  of  opportunistic  viral, 
bacterial  and  parasitic  diseases  have  been  described  from  inten- 
sively culture  bivalve  larvae  and  to  a  large  extent,  these  diseases 
have  been  eliminated  or  significantly  reduced  by  improvements  in 
hatchery  management.  Losses  of  seed  bivalves  are  much  more 
significant  in  terms  of  cost  and  the  study  of  seed  diseases  has  not 
received  a  great  deal  of  attention.  Therefore  we  undertook  a  project 
to  characterize  healthy  Pacific  oyster.  Cnissostvea  gigcis.  seed  mi- 
croanatomy, seed  oyster  diseases  and  the  management  of  such 
diseases  in  Washington  and  California  in  1996  and  1997.  Four 
intensive  oyster  seed  production  facilities  took  part  in  the  program. 

From  the  time  of  larval  settlement  until  a  shell  height  of  ap- 
proximately 1  cm,  seed  oyster  anatomical  development  is  transi- 
tional between  the  larval  and  adult  forms.  During  this  period  there 
is  a  rapid  increase  in  the  number  of  gill  folds,  extensive  growth  of 
vesicular  connective  tissue  cells  to  fill  the  coelomic  cavity  of  the 
larvae,  increase  in  the  number  of  circulating  hemocytes,  elabora- 
tion of  the  digestive  diverticula,  and  the  formation  of  kidney  tissue, 
among  other  developmental  changes.  The  shell  in  early  seed  is 
transparent  and  the  development  of  opacity  occurs  both  as  a  result 
of  growth  and  exposure  to  sunlight  which  stimulates  pigment  de- 
position in  the  shell. 

Various  opportunistic  infectious  diseases  were  found  in  seed 
oysters.  These  included  bacterial  infections  of  the  adductor 
muscle,  bacterial  infection  of  the  pallial  cavity,  systemic  gregarine 
infections,  invasive  ciliates,  and  digestive  stasis  caused  by  inges- 
tion of  microbially  infested  shell  cultch  remnants.  No  diseases 
considered  certifiable  for  molluscs  were  found.  Adductor  muscle 
infections  occur  primarily  in  seed  on  cultch  laid  in  the  later  sum- 
mer and  fall.  Pallial  infections  occuired  in  the  later  spring  and 
early  summer  of  a  notably  low  salinity  year  and  were  observed 
only  in  intensively  produced  seed  in  upwellers.  Gregarine  infec- 
tions, previously  observed  as  incidental  parasites  of  adult  Pacific 
oysters,  occur  at  a  greater  intensity  in  seed  oysters  and  may  cause 
focal  intlammatory  reactions.  Invasive  ciliates  were  a  recurrent 
problem  in  two  intensive  production  facilities  and  resulted  in  sig- 
nificant seed  mortality.  Management  options  for  reducing  the  im- 
pact iif  these  diseases  will  be  discussed. 

This  research  was  supported  by  a  grant  no.  NA66FDOI23  from 
the  National  Marine  Fisheries  Service.  Saltonstall-Kcnnedy  Pro- 
gram. U.S.  Department  of  Commerce. 

POLYCULTURE  OF  RED  ABALONE,  HALIOTIS  RUFE- 
SCENS,  AND  DULSE,  PALMARIA  MOLLIS,  UNDER  RE- 
DUCED FLOW  CONDITIONS  AND  ARTIFICIAL  ILLUMI- 
NATION. Ford  Evans  and  Chris  Langdon,  Coastal  Oregon  Ma- 
rine Experiment  Station.  Hatfield  Marine  Science  Center,  Oregon 
State  University,  Newport,  OR  97365. 

Producers  of  red  abalone  (Haliotis  nifescens)  along  the  west 
coast  of  the  United  States  rely  on  naturally  occurring  kelp  (Mac- 
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rocYstis  sp.  or  Nereocysris  sp.)  as  their  primary  abalone  food 
source.  Abalone  farms  are.  therefore,  geographically  limited  to 
areas  where  these  algae  flourish.  Extreme  El  Nino  events  and  the 
implementation  of  strict  macroalgae  harvesting  regulations  may 
severely  limit  algal  availability  for  abalone  farms.  A  novel  ap- 
proach of  polyculturing  red  abalone  and  the  red  macroalga  dulse 
(Palmaria  mollis)  would  allow  farms  to  reduce  their  reliance  on 
wild  stocks  of  macroalgae. 

Seasonal  rates  of  dulse  consumption  by  U).  20.  40.  and  80  mm 
red  abalone  were  compared  with  dulse  growth  rates  under  three 
flow  conditions  (1.6.  and  36  water  volume  exchanges  per  day )  and 
three  light  regimes  (natural  light  alone,  natural  light  supplemented 
with  either  12  or  24  h  artificial  illumination  at  an  intensity  of  215 
fji.mol  m"'^  s~').  These  consumption  and  production  measurements 
were  used  to  estimate  maximum  possible  stocking  densities  of  red 
abalone  cultured  on  dulse. 

Dulse  production  declined  with  reduced  flow  rate  during  spring 
and  summer,  but  not  during  winter.  The  use  of  supplemental  illu- 
mination had  a  significant  (p  <  0.05)  beneficial  effect  on  dulse 
production,  especially  in  winter  when  dulse  production  ranged 
from  14  g  wet  wt.  m""  d"'  with  natural  light  alone  to  320  g  wet  wt. 
m~"  d~'  with  24  h  supplemental  illumination.  Maximum  dulse 
growth  rate  of  413  g  wet  wt.  m~"  d~'  occurred  in  Summer  under 
24  h  artificial  illumination  and  36  water  volume  exchanges  d~'. 
Minimum  dulse  growth  rate  of  8.2  g  wet  wt.  m~"  d~'  occurred  in 
the  winter  under  natural  light  alone  and  one  water  volutne  ex- 
change d"'.  The  rate  of  dulse  consumption  by  abalone  can  be 
expressed  as  a  function  of  abalone  whole  body  wet  weight  for  all 
seasons  (winter,  spring  and  summer): 


Dulse  consumption  (g  ab  'd  ')  = 


0.0867 

*  abalone  wet  wt.  (g)" 

(r^  =  0.98) 


A  maximum  of  4.3(X)  10  mm  abalone  could  be  sustained  per  100 
1  culture  container  (stocked  at  10  g  P'  dulse)  during  spring  under 
24  h  artificial  illumination  and  36  water  volume  exchanges  d"'.  A 
minimum  of  80  10  mm  abalone  could  be  sustained  per  culture 
container  during  winter  under  ambient  light  conditions  and  one 
water  volume  exchange  d''.  Abalone  stocking  densities  in  winter 
could  be  increased  to  3.000  abalone  per  culture  container  with  the 
use  of  24  h  artificial  illumination  and  36  water  volume  exchanges 
d-'. 


EFFECTS  OF  TEMPERATURE  AND  FOOD  RATION  ON 
GONAD  GROWTH  AND  GAMETOGENESIS  OF  THE 
GREEN  SEA  URCHIN,  STRONGYLOCENTROTUS  DROE- 
BACHIENSIS.  Carolina  L.  Garrido  and  Bruce  J.  Barber. 

School  of  Marine  Sciences.  5735  Hitchner  Hall,  University  of 
Maine.  Orono.  Maine  04469-5735. 

The  green  sea  urchin  (Strong\locentri)tiis  droehachiensis)  fish- 
ery is  the  second  largest  in  Maine  next  to  the  lobster  fishery. 
However,  there  is  concern  about  its  future  because  overfishina  has 


dramatically  depleted  natural  populations.  L'nderstanding  the  pro- 
cess of  gonad  (roe)  formation  and  the  environmental  factors  that 
affect  it  is  a  fundamental  step  for  the  development  of  green  sea 
urchin  aquaculture.  which  would  allow  the  year-round  exploitation 
of  roe  despite  the  shortage  of  natural  stocks. 

Field-ba.sed  studies  have  shown  that  green  sea  urchins  follow 
an  annual  reproductive  cycle:  gonad  indices  are  lowest  in  the  sum- 
mer months,  and  they  increase  through  the  fall  to  peak  values  in 
late  winter/early  spring.  The  occurrence  of  this  annual  cycle  sug- 
gests that  water  temperature  might  be  an  important  factor  influ- 
encing gametogenesis;  however,  other  co-variant  factors,  such  as 
food  supply  and  photoperiod.  might  act  in  conjunction  with  the 
annual  temperature  cycle  to  elicit  the  same  response.  Our  study 
was  designed  to  determine  the  effects  of  water  temperature  and 
food  ration  on  gonad  growth  and  gainetogenesis  of  the  green  sea 
urchin. 

Green  sea  urchins  collected  during  December  1996  (gonad  in- 
dex =  11%)  were  submitted  for  three  months  to  the  following 
temperature  and  food  ration  regimes:  a)  3  ±  1°C  and  fed  ad  libi- 
tum: b)  3  ±  l°C  and  fed  1/7  of  the  maximum  ration;  c)  12  ±  l°C 
and  fed  ad  libitum:  d)  12  ±  1  °C  and  fed  1/7  of  the  maximum  ration. 
These  temperatures  represent  an  estimation  of  the  average  winter 
(3°C)  and  summer  (12°C)  water  temperatures  in  the  Gulf  of 
Maine.  All  the  sea  urchins  were  kept  in  darkness  during  the  ex- 
periment. They  were  exposed  to  only  one  hour  of  artificial  light 
every  day.  when  they  were  fed  pellets  of  prepared  food. 

At  the  end  of  three  months,  the  sea  urchins  that  had  been  fed 
1/7  of  the  maximum  ration  had  a  gonad  index  of  13%.  and  the 
urchins  fed  ad  libitum  had  a  gonad  index  of  24%.  regardless  of  the 
temperature  at  which  they  were  held.  This  difference  was  ex- 
plained by  the  presence  of  larger  nutritive  phagocytes  in  the  go- 
nads of  sea  urchins  fed  ad  libitum,  ad  revealed  by  histological 
analyses  of  gonad  samples.  Relative  fecundity  is  currently  being 
determined.  The  sea  urchins  were  in  the  early  stages  of  gameto- 
genesis when  the  experiment  began,  and  by  the  end  of  the  experi- 
ment the  sea  urchins  in  all  the  treatments  had  produced  mature 
eggs.  These  preliminary  results  suggest  that  i)  once  gametogenesis 
has  started,  water  temperature  does  not  determine  whether  it  will 
continue;  and  ii)  that  gametogenesis  can  occur  even  when  the 
available  food  is  only  1/7  of  the  maximum  ration. 

HETEROTROPHIC  MICROALGAE  AS  AN  INEXPENSIVE 
FEED  FOR  ROTIFERS.  Raymond  M.  Gladue.  Martek  Bio- 
sciences  Corporation.  Columbia.  MD  21045. 

Five  species  of  heterotrophic  microalgae  were  evaluated  as 
feeds  for  rotifers  [Brachionus  plicatilis)  and  for  their  ability  to  be 
produced  by  industrial  fermentation  methods.  Three  of  the  five 
species  showed  promise  on  both  counts,  and  methods  for  their 
economical  production  were  developed.  The  effects  of  culture 
methods  on  the  biochemical  content  and  nutritional  value  of  the 
algae  for  rotifers  were  determined,  and  the  culture  methods  were 
optimized  for  both  high  algal  productivity  and  efficacy  as  feeds. 
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The  fermentation  production  process  was  successfully  scaled  to 
12.000  liters  for  one  species.  Algal  preservation  methods  were  also 
identified  that  allow  long  term  storage  of  the  algal  biomass  with 
minimal  loss  of  nutritional  value.  Individual  species  as  well  as 
mixtures  of  algae  and  preservation  methods  were  shown  to  be  very 
effective  at  supporting  rotifer  production  at  pilot  scale  (140  L). 
Although  heterotrophic  algal  feeds  that  support  excellent  rotifer 
growth  were  developed,  these  algae  lack  the  essential  omega-3 
(n-3)  fatty  acids  that  are  required  for  growth  and  survival  of  marine 
finfish  larvae  and  are  therefore  likely  to  serve  primarily  as  rotifer 
grow-out  feeds  rather  than  for  n-3  fatty  acid  enrichment. 

ABALONE:  WHAT  HAS  HAPPENED  TO  THE  RE- 
SOURCE? HOW  WILL  SUPPLY/PRICE  BE  AFFECTED? 
H.  Roy  Gordon,  FISHTECH  INC..  \750  Montgomery  St..  San 
Francisco.  CA  941 II. 

The  world  has  reached  crisis  supply  levels  with  reductions  in 
the  abalone  fishery  ranging  from  50%  to  95%  over  the  past  20 
years.  Most  Countries  have  either  closed  the  abalone  fisheries 
entirely  or  drastically  reduced  the  allowable  catch. 

There  are  four  major  positive  and  negative  factors  affecting  the 
abalone  fisheries  as  well  as  the  abalone  farms  of  the  world:  The 
Mystique.  The  Perils.  The  Crime  and  the  resultant  Supply/Demand 
Relationships. 

Understanding  the  Abalone  Mystique,  particularly  throughout 
Asia,  requires  a  review  of  the  historical  significance  of  the  animal. 

The  Perils  of  the  abalone  fishery  are  much  the  same  worldwide. 
The  diver  often  lives  with  torn  flesh,  undercurrents,  frozen  body 
and  death.  These  perils  are  covered  in  some  detail. 

Crime:  Discussions  of  the  depletion  of  the  abalone  resource 
often  mention  pollution,  disease,  lack  of  natural  food  and  predators 
from  sea  otters  to  crabs,  however  in  fact  the  "two  legged"  illegal 
predators  are  by  far  the  strongest  reason  for  the  crash  of  the  re- 
source worldwide.  The  methods  and  locations  of  these  illegal  har- 
vests are  discussed,  with  examples  in  the  US,  South  Africa, 
Mexico  and  Australia. 

Supply/Demand  More  than  the  economic  conditions,  the  real 
consumer  income  level  is  often  the  most  important  factor  in  the 
pricing  of  abalone  at  a  given  time,  in  a  given  country.  The  price  of 
farmed  abalone  should  remain  at  a  good  profitable  level  for  all 
producers  who  are  able  to  keep  up  with  new  technologies. 

PROPERTIES  OF  A  SCHIZOCHYTKWM  (CHRO- 
MOPHYTAI-BASED  HUFA  ENRICHMENT  AND  LARVAL 
FEED  (DOCOSA  GOLD'")  SUSPENDED  IN  SALTWATER. 
Mark  A.  (Jouthro.  Turan  P.  Odabasi,  Eugene  L.  Martin,  and 
James  R.  Rosowski,  School  of  Biological  Sciences.  University  of 
Nebraska-Lincoln.  Lincoln.  NE  68588-01  18,  .lonathan  P.  Davis'. 
'Taylor  United  Inc.,  Bivalve  Hatchery,  701  Broadspil  Road, 
Qi'.ilcene,  Washington  98376,  Vernon  T.  Sato^,  "Anuenue  Fish- 
eries Research  Center,  1039  Sand  Island  Parkway.  Honolulu.  Ha- 
waii 96819. 


Cultured  live  microalgae  have  been  demonstrated  as  essential 
in  many  hatcheries  for  rearing  larval  bivalves,  crustaceans  and 
fish.  However,  even  in  the  best  itianaged  facilities,  culture  crashes 
result  in  feeding  microalgae  at  different  growth  stages.  This  leads 
to  nutritional  variability  and  the  inability  to  identify  and  separate 
causal  factors  if  problems  in  growth  or  mortality  occur.  During 
winter,  shorter  day  length,  increased  cloud  cover  and  inclement 
weather  lowers  algal  production,  further  limiting  the  potential  for 
winter  larval  rearing.  Dry  backup  and  replacement  diets,  and  paste 
feeds,  have  had  limited  use  due  to  nutritional  and/or  water  quality 
problems  they  may  create.  This  study  investigates  some  water 
quality  attributes  of  a  new  Scliiziicliylriiim-ba^ed  enrichment  and 
larval  feed. 

Physical  properties:  10  g  of  DOCOSA  GOLDtm  (Sanders 
Brine  Shrimp  Company.  L.C..  Ogden.  Utah  84405-1500)  was 
blended  in  seawater,  diluted,  and  determined  with  a  Coulter 
Counter'"  to  have  10.0  billion  cells/g.  The  dry  product  has  up  to 
250  (xm  diameter  colonies  which  were  reduced  to  3-10  p.m  whole 
cells  and  colonies  with  8  min  of  highest  speed  blending  (Hamilton 
Beach  10^"),  in  18°C  or  less  seawater,  to  keep  below  30°C.  Up  to 
200  g/L  of  product  was  successfully  blended. 

Cell  suspension  and  stability:  Unaerated  live  algae  (4  diatom 
species  +  Isochrysis)  remained  at  200.000  cells/ml  for  15  h.  Cell 
division  contributed  to  this  apparent  stability.  DOCOSA  GOLD 
added  to  this  unaerated  algae  at  25.  50  and  75%  of  total  density 
showed  a  planktonic  reduction  from  200,000-150,000  cells/ml  in 
15  h.  However,  DOCOSA  GOLD  added  to  live  algae  at  25,  50  and 
75%  of  total  density,  and  continuously  aerated,  had  800.000  cells/ 
ml  at  time  0,  and  800,000  cells/ml  at  5  h. 

Microbiology:  Bacteria  were  counted  using  Plate  Count  Agar 
in  3%  NaCI.  At  25°C,  unsterilized  Instant  Ocean™  from  an 
aquarium  (lO-A)  was  blended  8  min  and  placed  on  a  shaker.  This 
sample  generated  1. 1 00.  20.000  and  3.800,000  colony  forming 
units  (cfu)/ml  at  0,  12  and  24  h  respectively.  Unsterilized  lO-A 
plus  DOCOSA  GOLD  (25  g/L)  generated  3.100,650,000,  and 
380.000.000  cfu/ml  at  0,  12  and  24  h  respectively.  Therefore. 
DOCOSA  GOLD  generated  2,000  cfu/ml  at  time  0.  which  would 
result  in  20  bacteria/ml  at  time  0  when  diluted  to  feed  at  250,000 
eukaryotic  product-cells/ml. 

Larval  culture:  DOCOSA  GOLD  was  fed  to  spat  (oysters. 
clams,  mussels)  at  up  to  300.000  cells/ml  with  live  algae  at 
50.000-100.000  cells/ml  (total  density  to  400.000  cells/ml)  with- 
out apparent  water  quality  problems  when  daily  water  changes 
were  made.  Maximum  rotifer  DHA/DPA  enrichment  with 
DOCOSA  GOLD  (300  mg/L)  was  obtained  within  4  h;  no  surface 
films  or  clumps  were  observed  as  with  emulsion  enrichments. 
These  rotifers  fed  to  finfish  larvae,  moi  {Polyclaitylii.s  scxfllis) 
were  readily  accepted.  Excess  cells  and  fecal  particles  were  si- 
phoned off  the  bottom  or  flushed  from  larval  tanks  during  routine 
maintenance,  and  water  quality  was  not  impacted  negatively. 

Conclusion:  Feedmg  DOCOSA  GOLD  up  to  3x  per  day  sug- 
gests that  water  quality  problems  should  be  minimal  if  the  cells  are 
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removed  by  suspension  feeds  during  a  12  h  period  and  if  water  is 
exchanged  daily.  Nonetheless,  dry  larval  diets  with  negative  buoy- 
ancy must  be  used  judiciously,  and  monitoring  cell  densities  in  the 
larval  culture  tanks  before  and  after  feeding  and  flushing  is  ad- 
vised. 

BIOLOGICAL  ASSESSMENT  OF  CLAM  CULTURE  IN 
TERMS  OF  GROWTH  AND  SURVIVAL  OF  SOFT-SHELL 
CLAMS  (A/) A  ARENARIA)  IN  ATLANTIC  CANADA.  Can- 
dyce  A.  Gray,  Shawn  M.  C.  Robinson,  and  Bruce  MacDonald, 

University  of  New  Brunswick.  Saint  John  Campus,  Biology  De- 
partment. Tucker  Park.  Box  5030.  Saint  John.  NB.  E2L  4L5. 
Canada. 

Soft-shell  clams  (Mya  areiiaria)  have  been  a  part  of  the  tradi- 
tional fishery  in  Atlantic  Canada  since  the  late  1800s  and  have 
been  consumed  by  natives  and  settlers  for  centuries.  The  main 
constraint  in  the  current  soft-shell  clam  industry  is  the  inability  of 
the  wild  stocks  to  supply  demand  due  to  over-harvesting  or 
coliform  related  closures.  The  development  of  a  soft-shell  clam 
aquaculture  industry  may  be  an  alternative  that  could  compensate 
for  the  diminishing  clam  populations.  Mya  arenaria  is  a  good 
candidate  for  aquaculture  as  it  is  a  very  robust  species  which  can 
thrive  in  various  different  soil  types,  withstand  broad  ranges  in 
salinity  and  temperature,  can  tolerate  handling  and  there  is  a  large 
existing  market  demand.  The  objectives  of  this  study  were:  to 
assess  growth-rate  and  survival  of  the  soft-shell  clam  in  benthic 
and  suspended  culture;  and  to  detemune  the  size  refuge  clams 
must  attain  to  escape  moon  snail  (Euspira  triserriata)  predation. 

Experiments  for  growth  were  set  up  in  benthic  culture  using  a 
replicate  series  of  pots  (36  pots,  80  clams  per  pot)  planted  at 
mid-intertidal  level  of  two-beaches.  Suspended  culture  growth  ex- 
periments were  .set  up  using  a  replicate  series  of  cages  (3  cages. 
4000  clams  per  cage)  hung  subtidally  at  two  sites  just  offshore 
from  the  benthic  sites.  Each  month  for  a  year,  three  pots  were 
selected  randomly  from  the  benthic  sites  and  a  random  sample  was 
taken  from  each  cage  at  the  suspended  sites.  Morphometric  mea- 
surements were  made  and  survival  was  determined  from  the 
samples.  Predation  and  size  refuge  of  clams  were  studied  in  the 
field  using  a  replicate  series  of  pots  containing  various  size  classes 
of  clams  at  mid  intertidal  level.  Every  week  for  six  weeks,  preda- 
tion as  well  as  the  size  of  consumed  clams  were  determined  from 
three  pots  which  were  randomly  chosen.  This  experiment  was 
controlled  using  pots  with  mesh  to  exclude  moon  snails. 

Besides  a  few  monthly  variations,  there  were  no  overall  differ- 
ences in  growth  of  the  soft-shell  clams  at  different  sites.  Survival 
however,  was  much  higher  in  the  suspended  sites  than  in  the 
benthic  sites.  This  difference  in  survival  was  seen  only  after  a  few 
months  of  culture.  Starfish  were  the  main  predator  in  suspended 
culture  but  they  were  easy  to  remove  and  thus  caused  little  dam- 
age. Moon  snails  were  the  main  predator  in  benthic  culture  and 
control  of  this  predator  was  not  feasible  for  this  experiment.  As  the 
size  refuge  experiment  is  in  progress  the  refuge  size  has  not  been 


targeted.  A  preliminary  study  however,  showed  the  growth  refuge 
of  clams  to  be  between  21  and  35  mm  in  length.  Suspended  culture 
seems  to  be  better  for  the  intermediate  grow-out  of  soft-shell  clams 
especially  in  terms  of  survival.  Benthic  grow-out  may  be  an  option 
for  a  second  stage  of  culture  if  limitations  exist  in  suspended 
grow-out  for  larger  clams.  If  a  size  refuge  from  predation  exists 
then  benthic  culture  may  be  feasible  for  clams  at  or  above  the  size 
refuge. 

NOVEL  SEXUAL  EXPRESSION  IN  TRIPLOID  PACIFIC 
OYSTER,  CRASSOSTREA  GIGAS  THUNBERG.  Ximing 
Guo  and  Standish  K.  Allen,  Jr.,  Haskin  Shellfish  Research  Labo- 
ratory. Institute  of  Marine  and  Coastal  Science.  Rutgers  Univer- 
sity. 6959  Miller  Avenue.  Port  Norris.  NJ  08349. 

Normal  diploid  Pacific  oysters  are  known  as  protandric  dioe- 
cious, i.e..  young  oysters  mature  as  males  first  and  then  change  sex 
to  females.  It  has  been  shown  recently  that  the  protandric  sex  is 
under  strong  genetic  control,  possibly  through  a  single  locus  where 
XY  oyster  are  true  males  and  XX  can  change  sex.  To  see  if 
triploids  can  provide  any  clues  on  sex  determination,  we  collected 
sex  ratio  data  on  triploid  Pacific  oysters  and  their  diploid  counter- 
parts. Two  types  of  triploids  were  produced:  one  by  cytochalasin 
B-induced  inhibition  of  polar  body  II  in  normal  zygote  (3nCB)  and 
the  other  by  diploid  x  tetraploid  matings  (3nDT).  A  normal  diploid 
group  (2n)  was  made  as  a  control.  All  three  groups  shared  the  same 
pool  of  eggs  collected  from  5-8  females.  A  single  diploid  male 
was  used  for  the  2n  and  3nCB  groups,  and  one  tetraploid  male  was 
used  for  the  3nDT  group.  Each  group  was  replicated  three  times 
using  different  sets  of  parents.  Sex  was  determined  for  a  subsample 
of  50  oysters  for  each  group  at  one  and  two  years  of  age. 

At  one  year  of  age.  normal  diploids  had  an  overall  sex  ratio  of 
23%  females,  75%  males  and  2%  hermaphrodites.  The  frequency 
of  females  increased  to  46%  at  two  years  of  age.  confirming  the 
well-established  pattern  of  protandric  sex  change.  For  triploids. 
however,  high  proportions  of  females.  46%  for  3nCB  and  91%  for 
3nDT.  were  observed  at  one  year  of  age.  Even  more  surprisingly, 
triploids  went  through  protogynmic  sex  change  and  resulted  in 
significantly  lower  female  ratios  at  two  years  of  age.  14%  for 
3nCB  and  17%  for  3nDT.  Also,  one  3nCB  group  had  36%  her- 
maphrodites, while  others  had  only  a  few  percent  hermaphrodites. 
The  protogyny  of  triploids  cannot  be  explained  by  the  single-locus 
model  or  any  other  model  that  accommodates  protandry  in  normal 
diploids.  We  argue  that  the  protogyny  in  triploids  is  probably  due 
to  inhibitory  effects  of  triploidy  on  spermatogenesis.  Because  of 
the  presence  of  three  sets  of  chromosomes,  triploids  may  have 
difficulties  with  meiosis.  which  is  a  prerequisite  for  sperm  pro- 
duction. Because  no  meiosis  proceeds  oogenesis  in  the  Pacific 
oyster,  triploidy  may  have  little  effect  on  egg  production.  The 
finding  of  more  females  in  3nDT  than  3nCB  triploids  may  be 
explained  by  potential  egg-promoting  genes  from  the  tetraploid 
father.  Tetraploids  used  in  this  study  were  produced  from  a  highly 
fecund  triploid  female.  Females  of  3nDT  groups  produced  signifi- 
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cantly  more  eggs  than  3nCB  females.  These  findings  suggest  that 
sexual  development  in  the  Pacific  oyster  is  influenced,  at  least  in 
pan.  by  an  energetic  competition  between  oogenesis  and  spermato- 
genesis. The  high  frequenc)  of  hermaphrodites  in  some  triploid 
groups  could  be  due  to  the  XXY  genotype  or  problems  during 
female-to-male  transition. 

THE  CRE.\TION  OF  .\NELPLOID  F.WIILIES  EN  THE  PA- 
CIFIC OYSTER.  CHASSOSTREA  GIGAS  THl  NBERG.  Xim- 
ing  Guo.  Huiping  Vang.  BJ  Landau.  Gregory  .\.  DeBrosse, 
and  Standish  K.  Allen,  Jr..  Haskin  Shellfish  Research  Laboratory. 
Institute  of  .Marine  and  Coastal  Science.  Rutgers  University,  6959 
Miller  .•V venue.  Port  Norris.  NJ  08349 

Aneuploidy  is  a  chromosomal  condition  in  which  member 
chromosomes  of  the  haploid  set  are  present  in  an  unequal  number 
of  copies.  Such  a  condition  pro\  ides  a  rare  opportunity  for  genetic 
manipulation  and  analysis.  Trisomies  (2n  +  I)  and  monosomies 
(2n  -  1 )  for  example,  can  be  used  for  the  identification  and  chro- 
mosomal assignment  of  important  quantitative  traits.  Certain  aneu- 
ploids  may  exhibit  traits  of  commercial  interest.  In  plants,  com- 
plete sets  of  trisomic  lines  ha\  e  been  developed  for  all  major  crops. 
In  mammahan  hvestock.  aneuploids  are  lethal  and  of  Little  \  alue  in 
genetic  analysis  and  breeding.  Studies  in  the  pacific  oyster  have 
shown  that  many  aneuploid  conditions  such  as  2n  -  1.  2n  +  1.  3n 
-  2.  3n  -  1.  3n  +  1.  3n  +  2.  3n  +  3.  4n  -  2.  4n  -  1  and  4n  +  1.  are 
viable.  There  are  also  preliminary  indications  that  certain  hypop- 
loid conditions  are  superior  in  growth.  However,  comprehensive 
studies  on  aneuploids  have  not  been  possible  due  to  the  inabiUtv  to 
create  aneuploid  oyster  lines.  Here  we  report  the  successful  cre- 
ation of  five  trisomic  families  in  the  Pacific  oyster. 

Putative  trisomic  oysters  were  from  a  tetraploid  group  which 
was  produced  by  inhibiting  polar  body  I  in  eggs  from  triploids  that 
had  been  fertilized  by  normal  sperm.  Oysters  with  an  approxi- 
mately diploid  DN.\  content  were  distinguished  from  polyploids 
by  flow  cyiometry  and  used  for  trisomic  screening.  Because  biopsy 
of  chromosome  number  is  difficult  in  adult  oysters,  we  used  prog- 
eny testing  of  early  embryos  for  chromosomal  confirmation  of 
parental  trisomy.  Twenty-five  random  crosses  of  putative  trisomies 
were  made,  and  five  of  them  were  confirmed  to  be  trisomic  fami- 
lies. The  five  trisomic  families  are  being  maintained  for  further 
evaluations,  and  more  aneuploid  families  are  being  developed. 
Banding  techniques  and  FISH  probes  are  also  being  developed  for 
chromosomal  identification  of  trisomic  families. 

M  CLEIS  IMPLANTATION  FOR  CULTIVATION  OF 
BLACK  PEARLS:  REVIEW  OF  CL  RRENT  TECHNOL- 
OGY AND  CONSTR^\INTS  FOR  DEVELOPMENT  OF  THE 
INDUSTRY".  .Maria  C.  Haws.  Coastal  Resources  Center.  Uni\er- 
sity  of  Rhode  Island.  220  South  Ferry  Rd..  Narragansen.  Rl  02882. 
Cultivation  of  black  pearls  is  initiated  by  insertion  of  a  round 
shell  nucleus  into  tissue(s)  of  black-lip  pearl  oysters  (Pinaada 
margaritifera)  accompanied  by  a  carefully  prepared  graft  of 


mantle  tissue.  If  the  surgical  procedure  is  pert'ormed  properU  and 
adequate  grow  -out  conditions  provided,  the  tissue  graft  will  grow 
around  the  nucleus  enclosing  it  in  a  thick  layer  of  tissue  with 
nacre-producing  cells  forming  the  interior  layer.  Nacreous  lavers 
are  subsequently  deposited  around  the  nucleus  to  form  a  cultivated 
black  pearl.  Se\eral  variations  of  the  implantation  procedure  are 
described  in  detail. 

The  multi-billion  dollar  black  pearl  industry  depends  on  the 
ability  of  the  technician  to  execute  this  delicate  and  complex  sur- 
gical procedure.  .Although  the  implantation  procedure  is  funda- 
mental to  producing  high  quality  pearls,  relatively  littie  informa- 
tion is  available  to  the  public  or  industry  outside  the  small  circle  of 
seeding  technicians. 

The  majority  of  seeding  technicians  are  highly  trained  Japanese 
nationals  who  function  as  a  professional  guild.  closeK  guarding 
the  technologv.  Within  the  last  15  years,  more  non-Japanese  ha\e 
learned  to  perform  the  procedure,  but  generally  with  a  lower  rale 
of  success.  Technologv  transfer  occurs  through  limited  opportuni- 
ties for  observation  and  extensive  trial  and  error  resulting  in  high 
mortality  rates,  poor  quality  pearls  and  eeonomie  loss. 

The  number  of  seeding  technicians  available  for  hire  (-500)  is 
insufficient  to  serv  ice  the  number  of  existing  and  potential  farms. 
Even  the  finest  technicians  exhibit  highly  variable  and  often  low 
success  rates  ftirther  impeding  the  probability  of  establishing  and 
operating  a  profitable  pearl  farm.  During  the  first  45  days  of  the 
post-implantation  period,  the  best  technicians  can  expect  a  60- 
80"*  retention  rate.  Of  the  remaining  pearls,  greater  than  50%  will 
be  of  such  poor  qualitv  that  they  cannot  be  sold.  .A  variety  of 
critical  factors  in  the  implantation  procedure  and  farm  manage- 
ment are  responsible  for  host  pearl  ovster  mortality,  implant  re- 
jection and  poor  nacre  quality. 

Pearl  production  is  one  of  the  few  highly  lucrative  and  sustain- 
able development  opportunities  for  many  island  nations.  Inability 
to  gain  access  to  seeding  technology  has  suppressed  economic 
development  and  causes  economic  loss  due  to  farm  failures.  Re- 
search to  improve  existing  technology,  dissemination  of  results 
and  increased  technical  assistance  would  help  eliminate  this  ob- 
stacle to  production  of  quality  pearls. 

BURROWING  AND  REPRODUCTION  IN  CULTURED 
FRESHWATER  CR-AWFISHES  PROCAMBARLS  SPP.  Jay 
V.  Huner.  Crawfish  Research  Center.  University  of  Southwestern 
Louisiana.  Lafayene.  L.\  70504. 

Procambarid  crawfishes,  Procambanis  clarkii  and  P.  zonangu- 
liis.  are  cultured  bv  initially  stocking  adult  crawfish  and  depending 
on  unharv  ested  adult  crawfish  to  sen  e  as  broodstock  in  subsequent 
production  seasons.  Because  crawfish  impoundments  are  drained 
annually  for  periods  of  1-5  months,  the  broodstock  must  persist  in 
earthen  burrow  s  w  hich  become  the  basic  nursery  units  that  support 
a  52.000  ha  industry  in  the  southern  US.  However,  females  alw  a>  s 
retreat  to  burrows  to  lay  and  incubate  eggs  whether  or  not  surtace 
water  is  present. 
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All  free  li\ing  crawfish  life  stages  from  8-10  mm  total  length 
(TL)  to  160  mm  TL  adults  can  excavate  burrows.  Free  water  must 
be  present  at  the  burrowing  site  in  order  for  the  crawfish  to  exca- 
vate the  burrow.  The  crawfish  create  a  slurry  and  move  the  mate- 
rial to  the  surface,  often  forming  a  characteristic  turret-shaped 
"chimney"  in  the  process.  The  chimney,  however,  has  no  known 
function.  Size  and  depth  of  burrows  are  related  to  the  sizes  of  the 
crawfish  constructing  them.  There  are  no  obvious  differences  be- 
tween the  burrows  constructed  by  P.  clarkii  or  P.  zonangidus. 
Burrows  excavated  by  adult  crawfish  in  both  heavy  clay  and  silt 
loam  soils  are  usually  simple,  subvertical  tubes  5-10  cm  in  diam- 
eter and  1.0-1.5  m  in  depth  with  a  somewhat  enlarged  terminal 
chamber.  Burrows  are  usually  occupied  either  by  a  pair  of  crawfish 
or  by  a  male  or  a  female  of  one  or  the  other  species. 

Both  crawfishes  can  persist  for  several  months  in  the  absence 
of  free  water  in  burrow  s  as  long  as  the  internal  atmosphere  is  w  ater 
saturated.  Neither  species,  however,  will  lay  eggs  in  the  absence  of 
free  water.  It  is  presumed  that  free  w ater  is  required  for  incubation 
of  the  developing  embryoes  as  well.  Low  oxygen  and  extremely 
high  turbidity  in  the  free  water  in  burrows  prevent  crawfish  from 
submerging  for  more  than  a  few  moments.  Crawfish  line  the  in- 
terior burrow  walls  with  a  mud  slurry  to  reduce  water  loss  and 
maintain  a  saturated  atmosphere.  The  slurry  ser\'es  as  a  reserve 
source  of  moisture  during  periods  of  extreme  drought. 

.Adult  crawfish  must  store  enough  nutrients  to  maintain  basal 
metabolism  and  to  permit  ovarian  maturation  and  oviposilion.  The 
hepatopancreas  is  the  principal  storage  organ.  Nutrient  levels  are 
directly  related  to  moisture  levels.  Nutrient  stores  in  females  ex- 
ceed those  in  males.  Procambarus  zonangidus.  an  annual  spaw  ner. 
consistently  stores  more  nutrients  than  P.  clarkii.  a  year  round 
spawner.  Moisture  levels  in  the  hepatopancreases  of  healthy  craw- 
fish are  50-60%  in  females  and  60-70'7f  in  males.  Procarnbanis 
clarkii  is  twice  as  fecund  as  P.  zommgulus. 

COMPARATIVE  ANALYSIS  OF  TASMAMAN  PACIFIC 
OYSTERS.  CHASSOSTREA  GIGAS.  AFTER  GROWOLT  IN 
WASHINGTON  STATE.  Manfred  T.  Kittel,  University  of 
Washington.  School  of  Fisheries.  Seattle.  W.A  98195. 

The  transfer  of  live  shellfish  between  states  and  countries  has 
become  highly  regulated  in  the  United  States  due  to  possible  and 
potentially  severe  ecological,  genetic,  or  economic  consequences. 
.At  the  same  time,  it  is  recognized  that  aquaculture  stocks  propa- 
gated predominantly  from  the  same  broodstock  animals  and  their 
offspring  may  become  inbred  and  ultimately  less  productive  than 
stocks  that  are  outcrossed  to  a  significant  extent.  Therefore,  con- 
trolled introductions  of  shellfish  populations  may  be  economically 
feasible  to  the  aquaculture  industry  by  providing  desirable  traits 
and  improved  productivity  through  hybrid  vigor.  In  this  study,  the 
F,  generation  of  Pacific  oysters.  Crassostrea  gigas,  transferred 
from  Tasmania  to  Washington  state  and  grown  in  Washington 
state  waters  was  compared  with  control  C.  gigas  oysters  of  local 
origin  with  respect  to  overall  mortality,  growth  rate,  shell  mor- 


phology, gonadal  maturation,  and  glycogen  storage.  A  molecular 
genetic  analysis  was  performed  to  determine  the  possible  loss  of 
genetic  variability  due  to  the  founder  effect  and  to  develop  a  DNA- 
based  population  marker. 

Morphometric  data  on  shell  length,  depth,  volume,  and  weight 
were  collected  over  a  20-month  period  at  two  locations  within  the 
state  of  Washington.  To  determine  patterns  of  gonadal  maturation 
and  glycogen  storage,  samples  were  collected  on  nine  occasions 
between  April  and  October  of  1997  and  analyzed  for  total  glyco- 
gen content  and  gonadal  proliferation.  The  possible  loss  of  allelic 
\ariation  and  heterozygosity  resulting  from  a  founder  effect  was 
examined  by  allozyme  electrophoresis.  To  develop  a  DNA-based 
population  marker,  specific  regions  of  mitochondrial  and  nuclear 
oyster  DNA  were  amplified  by  PCR  and  analyzed  for  the  presence 
of  restriction  fragment  length  polymorphisms  (RFLPs). 

Results  from  this  study  show  that  the  Tasmanian  F,  generation 
of  C.  gigas  experienced  significantly  fewer  mortalities  at  one  lo- 
cation and  attained  significantly  greater  length,  weight,  and  vol- 
ume than  control  oysters  at  both  locations.  These  and  other  results 
of  this  study  will  be  presented  and  discussed. 

MICROALGAL  CONCENTRATES  AS  AQUACULTURE 
FEEDS.  Richard  M.  Knuckey.  Malcolm  R.  Brown,  Cooperative 
Research  Centre  for  Aquaculture.  CSIRO  Division  of  Marine  Re- 
search. Postal  address  OPO  Box  1338.  Hobart  /OOO,  Tasmania. 
Australia. 

A  nutritionally  balanced  diet  is  a  major  factor  in  achieving  the 
successful  rearing  of  aquaculture  species.  Formulated  diets  are 
becoming  available  for  some  species  but  many  still  require  live 
microalgae  at  some  stage  in  their  development.  An  alternative  to 
producing  a  continuous  supply  of  live  algae  is  to  use  dried  algae  or 
wet  algal  concentrates,  or  "pastes".  These  could  be  stored  and 
used  on  demand,  streamlining  the  overall  production  process. 
Spray  dried  Chlorella  and  Spirulina  have  been  produced  in  large 
quantities  and  used  as  health  foods,  animal  feeds  and  also  in  aqua- 
culture. However,  these  species  have  tough  cell  walls  that  are 
poorly  digested  thus  making  them  unsuitable  for  some  aquaculture 
species.  Alternatively,  centrifuged  algal  pastes  are  becoming  com- 
mercially available.  However,  little  published  data  is  available 
assessing  these  pastes  in  feeding  trials. 

Centrifugation  is  an  efficient  (>80%  recovery)  way  to  concen- 
trate microalgae  and  we  have  trialled  eleven  strains.  Cell  damage 
due  to  the  centrifugation  process  varied  between  strains.  Small 
Chlorophytes  such  as  Stichoccociis  and  the  Eustigmatophyle.  Nan- 
tiochloropsis  surv  ived  best  but  are  poor  algal  diets  for  oysters.  Of 
the  diatoms  C.  calcitrans  and  T.  pseudonana  were  least  damaged. 
Oyster  spat  feeding  trials  showed  that  T.  pseudonana  pastes  were 
capable  of  sustaining  growth  but  were  inferior  to  live  algae. 

An  alternative  concentration  process  was  developed  based  on 
chemical  induced  flocculation.  Flocculation  has  the  advantage  of 
avoiding  the  high  shear  forces  inherent  in  centrifugation  and  is 
essentially  a  volume  independent  process.  Initial  coagulation  was 
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induced  using  methods  developed  with  and  without  Fe^  .  The 
subsequent  addition  of  a  flocculation  enhancer  greatly  improved 
harvest  efficiency  (>90%). 

T.  pseudonana  concentrates  from  centrifugation  and  floccula- 
tion were  fed  to  oyster  spat.  Results  show  tlocculation  (without 
Fe"^)  to  be  a  superior  method  to  centrifugation  in  providing  a 
nutritious  algal  concentrate  suitable  for  oyster  spat  cultivation. 

OYSTER  CULTURE  IN  DELAWARE  BAY.  John  Kraeuter, 
Susan  Ford,  Joe  Dobarro,  and  Eric  Powell,  Haskin  Shellfish 
Research  Laboratory.  Rutgers  University.  69.59  Miller  Ave..  Port 
Norris.  NJ  08349. 

For  150  years,  oyster  growers  on  the  New  Jersey  side  of  Dela- 
ware Bay  transplanted  natural  oyster  seed  onto  leased  ground  in 
the  lower  Bay.  Even  with  the  advent  of  MSX  disease  in  the  late 
1950s,  the  industry  was  able  to  operate  in  the  traditional  mode, 
albeit  with  a  shorter  planting  cycle  in  which  oysters  were  left  only 
one  growing  season  to  minimize  exposure  to  the  MSX  organism. 
After  1990.  the  situation  changed  markedly  with  the  establishment 
of  Dermo  disease,  which  survives  well  in  lower  salinity.  In  1991 
and  1995  (the  beds  were  closed  from  1992  through  1994),  390.000 
bushels  of  seed,  most  of  it  already  infected  with  the  Dermo  para- 
site, were  transplanted  and  died  on  the  leased  grounds  before  har- 
vest. Consequently,  a  new  strategy  was  tried  for  the  first  time  in 
1996 — direct  marketing  from  the  seed  beds  in  spring  and  fall.  Each 
licensed  vessel  received  a  quota  of  1.000  to  2.000  bu.  and  vessel 
owners  paid  a  $1.25  per  bushel  landing  fee.  Although  direct  mar- 
keting from  public  beds  went  against  the  policy  of  encouraging 
private  planting,  direct  marketing  clearly  provided  better  resource 
utilization  under  the  currently  prevailing  disease  conditions.  For 
instance,  of  the  390,000  bushels  transplanted  in  1991  and  1995, 
only  a  small  fraction,  worth  about  $1,189,000,  was  landed.  Con- 
versely, from  the  spring  of  1996  through  the  spring  of  1997, 
87,800  bushels,  worth  approximately  $  1 .800,000,  have  been  har- 
vested. Thus,  for  each  bushel  removed  from  the  seed  beds,  the 
direct  market  strategy  has  returned  nearly  7  times  more  in  dockside 
value  compared  to  typical  planting  returns  during  periods  of  high 
Dermo  disease. 

To  further  encourage  new  and  innovative  oyster  culture  prac- 
tices, the  New  Jersey  Legislature  established  a  13-member  "Oys- 
ter Industry  Revitalization  Task  Force"  in  1996.  Members  come 
from  industry,  government,  and  academia.  They  are  to  "provide  a 
comprehensive  plan  of  action  for  revitalization  of  the  indu.stry, 
including  recommendations  ...  to  address  the  technical,  regulatory 
and  legal  problems  impeding  the  proper  utilization  of  this  valuable 
natural  resource  .  .  .".  It  is  hoped  that  changes  will  fester  flexibil- 
ity, individual  initiative,  and  more  business-oriented  decision- 
making on  the  part  of  industry  members. 

Ti:f  "STAND-ALONE"  UNDERGRADUATE  AQUACUL- 
TURE COURSE.  Matthew  Landau,  Richard  Stockton  College. 
Department  of  Marine  Science.  Pomona,  New  Jersey  08240. 


Many  colleges  and  universities  offer  undergraduate  aquaculture 
courses  that  are  part  of  the  curriculums  of  biology,  wildlife  man- 
agement, marine  science,  or  other  departments.  While  sometimes 
a  sequence  of  aquaculture  courses  is  available,  sequencing  is  often 
considered  too  specialized  at  the  undergraduate  level.  Most  insti- 
tutions offer  a  single,  broad-based  aquaculture  course. 

Surveys  about  undergraduate  education  were  sent  to  randomly 
selected  instructors  at  113  institutions  (30  western,  16  midwestem, 
35  southeastern.  25  northeastern,  and  7  in  Canada  and  Alaska). 
The  object  of  this  survey  was  to  understand  what  is  taught  in  the 
stand-alone  aquaculture  course.  Questions  concerning  the  status  of 
the  students,  the  frequency  the  course  is  offered,  the  subject  con- 
tent, and  the  post-graduate  fate  of  the  students  were  also  asked.  In 
an  effort  to  see  how  closely  what  was  being  taught  corresponds  to 
what  the  industry  is  looking  for.  a  complementary  survey  was 
mailed  to  randomly  selected  aquaculture  companies  (18  western. 
21  midwestem.  39  southeastern.  17  northeastern,  and  12  in  Canada 
and  Alaska).  Questions  concerning  the  content  of  an  introductory 
aquaculture  course,  the  importance  of  other  specific  courses,  and 
the  nature  of  the  particular  business  were  posed.  One  preliminary 
observation  seems  to  suggest  a  fairly  good  correlation  between 
what  is  taught  and  what  is  desired  by  "the  industry",  with  the 
possible  exception  of  pipe  and  pump  mechanics. 

VIRULENCE  FACTORS  OF  PERKINSUS  MARINUS:  RE- 
CENT FINDINGS  AND  QUESTIONS.  Jerome  F.  La  Peyre 
and  Richard  K.  Cooper,  Department  of  Veterinary  Science.  Loui- 
siana State  University.  Baton  Rouge,  LA  70803. 

The  oyster  pathogen  Perkinsus  marinus  continues  to  cause 
heavy  losses  in  oyster  populations  (Crassostrea  virginica)  of  the 
Atlantic  and  Gulf  coasts  of  the  United  States.  In  response,  there 
has  been  an  increasing  effort  to  find  ways  to  control  the  disease 
caused  by  P.  marinus.  One  approach  has  been  to  characterize 
virulence  factors  of  P.  marinus.  factors  that  enable  the  parasite  to 
establish  itself  and  proliferate  within  a  host.  Basic  information 
about  the  pathogenetic  process  could  be  used  to  devise  ways  to 
eliminate  P.  marinus  from  oysters. 

Virulence  factors  can  be  either  extracellular,  associated  with 
P.  marinus  cell  wall  or  intracellular.  P.  marinus  produces  many 
extracellular  proteins  (ECP)  in  vitro.  Analysis  of  these  ECP  re- 
vealed a  battery  of  hydrolytic  enzymes.  Several  proteases, 
glycosidases.  lipases  and  phosphatases  which  are  known  to  con- 
tribute to  virulence  in  other  pathogens  were  detected  in  P.  marinus 
culture  supernatants.  Of  nineteen  enzymes  measured,  activ- 
ities of  (i-glucosidase.  chymotrypsin.  phosphohydrolase.  (3-gluco- 
saminidase.  esterase  lipase  and  acid  phosphatase  were  highest. 
Investigations  done  //;  vivo  suggest  that  ECP's  may  be  unportant 
for  the  establishment  of  infection  and  propagation  of  the  parasite. 
However,  the  contributions  of  individual  hydrolases  in  the  patho- 
genetic process  have  yet  to  be  determined.  Except  for  P.  marinus 
proteases,  little  is  known  about  the  specific  effects  of  these  factors 
in  oysters. 
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P.  mariniis  serine  proteases  were  the  first  putative  virulence 
factors  identified.  These  proteases  are  chymotrypsin-like  enzymes 
that  can  degrade  a  wide  variety  of  proteins  including  extracellular 
matrix  proteins  (e.g..  fibronectin)  and  plasma  proteins.  They  con- 
stitute a  major  part  of  the  protozoan's  extracellular  and  cell  wall 
proteins,  and  are  produced  by  all  P.  nuuinus  examined  to  date.  P. 
marinits  proteases  appear  essential  loi'  the  development  of  the 
parasite  since  protease  inhibitors  suppressed  its  propagation.  Re- 
cent findings  have  shown  hemocyte  motility  and  their  capacity  to 
kill  bacteria  decreased  in  a  dose  dependent  manner  by  exposure  to 
purified  proteases.  Proteases,  however,  did  not  interfere  with 
hemocyte  chemiluminescence  response  to  zymosan.  Lysozyme  ac- 
tivities and  hemagglutinin  titers  of  oyster  plasma  were  also  re- 
duced by  co-incubation  with  purified  proteases.  The  recent  dis- 
covery that  incubation  in  Ray's  fluid  thtoglycollate  medium  can 
alter  expression  of  P.  iiniriniis  proteases  offers  a  unique  opportu- 
nity to  determine  the  contribution  of  proteases  to  the  pathogenetic 
process  both  in  vitro  and  //;  vivo. 

Additional  putative  virulence  factors  of  P.  nuiriiins  have  re- 
cently been  identified  and  characterized.  These  include  extracel- 
lular and  cell-associated  factors  such  as  acid  phosphatases,  stress 
proteins,  superoxide  dismutases  that  might  protect  P.  marinus 
against  oyster  host  defense  enabling  it  to  proliferate  within  tissues 
and  hemocytes.  Although  much  information  has  been  gained  about 
putative  virulence  factors  of  P.  marinus  in  the  short  time  since  the 
breakthrough  in  culturing  P.  marinus.  the  exact  roles  of  these 
factors  in  pathogenesis  still  need  to  be  ascertained. 

THE  SUPERIORITY  OF  EGREGIA  AS  A  FOOD  IN  CULTI- 
VATION OF  THE  GREEN  ABALONE  [HALIOTIS  FUL- 
GENS).  David  L.  Leighton  and  Dennis  L.  Peterson,  Carlsbad 
Aquafarm,  Carlsbad,  California. 

The  green  abalone  has  been  a  subject  of  aquaculture  research 
and  small-scale  commercial  production  for  over  twenty  years. 
Studies  have  been  based  in  southern  California,  and  recently  in 
Baja  California.  Mexico,  as  well. 

Consistently,  best  growth  rates  for  juveniles  and  young  adults 
have  been  observed  when  the  alariacean  brown  alga.  Egregia  nien- 
ziesii.  has  served  as  food.  The  giant  kelp.  Macrocxstis  pxrifera. 
commonly  used  effectively  in  culture  of  the  red  abalone.  Haliotis 
rufescens.  is  of  relatively  minor  value  as  a  food  for  green  abalone. 

Juvenile  H.  fuigens  fed  Egregia  typically  grow  120-140  |xm/d 
with  conversion  efficiencies  in  the  range  15-259^  (wet  weight) 
whereas  diets  of  Macrocystis  produce  only  25—40  jjim/d  shell 
growth  with  conversion  efficiencies  of  5-15%.  Consumption  rates 
for  Egregia  are  usually  twice  that  for  Macrocystis. 


W.  Walker,  Department  oi  Zoology  and  Center  for  Marine  Biol- 
ogy. University  of  New  Hampshire.  Durham.  NH  03824. 

The  fishery  for  the  green  sea  urchin  (Strongylocentrotus  droe- 
hacliiensis)  has  rapidly  grown  to  become  the  second  largest  in  the 
Northeastern  United  States  behind  lobsters.  Despite  the  historical 
precedent  for  over  exploitation  and  management  of  the  West  coast 
fishery  for  strongylocentrotid  urchins,  overfishing  has  drastically 
depleted  once  abundant  natural  populations  in  the  Gulf  of  Maine. 
Two  other  problems  affect  the  commercial  industry.  One  of  these 
is  poor  roe  quality  in  a  large  percentage  of  the  urchins  harvested, 
leading  to  a  lower  than  maximum  price.  Another  is  the  short  period 
when  roe  quality  is  high.  There  is  a  window  of  time  from  Sep- 
tember until  February  when  urchins  have  firm,  ripe  gonads.  To 
address  these  issues  we  have  coupled:  I )  enhancement  of  gonadal 
growth  of  poorly  fed  urchins  utilizing  a  prepared,  commercially 
available,  food  with  2)  photoperiodic  manipulation  of  the  game- 
togenic  cycle  to  produce  a  second  annual  crop  of  high  quality 
urchins  in  a  land-based  aquaculture  facility.  Additionally,  we  have 
begun  a  study  to  characterize  the  photoperiod  cue  using  molecular 
techniques  in  order  to  understand,  and  improve  for  land-based 
aquaculture,  the  initiation  of  gametogenesis  in  sea  urchins. 

A  COMPARISON  OF  OYSTER  CULTURE  IN  1896  AND 
1996.  Clyde  L.  Mackenzie,  Jr.,  James  J.  Howard  Marine  Sci- 
ences Laboratory.  National  Marine  Fisheries  Service.  NCAA.  74 
Magruder  Road.  Highlands.  NJ  07732. 

In  1896.  the  most  advanced  oyster  culture  was  practiced  in 
Connecticut.  Most  seed  was  obtained  by  spreading  shells  from 
shucking  plants  on  local  beds  in  July.  Startlsh.  oyster  predators, 
were  controlled  with  cotton  mops  and  dredges.  In  Delaware  and 
Chesapeake  Bays  and  Louisiana,  oysters  were  transplanted  from 
low  salinity  to  high  salinity  beds.  In  San  Francisco  Bay.  seed  from 
the  Atlantic  coast  was  grown;  predacious  fish  were  controlled  by 
erecting  wooden  fences  around  beds.  It  was  felt  that  propagation  of 
oysters  from  artificially  fertilized  eggs  had  no  place  in  practical 
oyster  culture  on  either  coast. 

In  1996.  Connecticut  still  had  the  most  advanced  oyster  culture. 
Shells  were  obtained  from  old  oyster  beds  and  starfish  were  con- 
trolled by  mops.  Oyster  drills  were  controlled  when  shells  and 
oysters  were  removed  from  grounds.  In  Delaware  and  Chesapeake 
Bays,  oyster  culture  remained  the  same  except  that  shells  were 
mined  in  Chesapeake  Bay  and  spread  on  beds,  but  on  a  small  .scale 
because  of  oyster  mortalities  from  diseases.  In  Louisiana,  shells 
were  mined  for  spreading  on  beds.  The  equipment  on  boats  was 
much  advanced.  Hatcheries  produced  small  amounts  of  oysters  in 
the  northeastern  U.S.,  but  on  the  west  coast  at  least  80%  of  oyster 
seed  was  reared  in  them. 


OVER  EXPLOITATION  OF  THE  URCHIN  FISHERY: 
DOES  HISTORY  REPEAT  ITSELF  AND  IS  THERE  ANY- 
THING WE  CAN  TO  DO  TO  INSURE  A  SUSTAINABLE 
YIELD  TO  THE  MARKET?  Michael  P.  Lesser  and  Ciiarles 


OYSTER  CULTURE  IN  THE  FUTURE.  Clyde  L.  Mackenzie, 

Jr.,  James  J.  Howard  Marine  Sciences  Laboratory,  National  Marine 

Fisheries  Service.  NCAA.  74  Magruder  Road,  Highlands,  NJ  07732. 

Public  demand  will  increase  for  oysters  and  other  seafoods. 
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prices  will  rise,  and  people  will  seek  ways  to  produce  more  oysters 
in  the  future.  Oyster  culture  to  produce  more  seed  will  be  more 
intensive.  This  will  require  the  guidance  of  people  trained  specifi- 
cally as  oyster  production  specialists.  They  will  examine  beds  and 
offer  advice  on  how  to  manage  culture  operations.  Plantings  of 
shells  (cultch)  for  oyster  larvae  will  increase.  When  poor  sets 
occur,  planted  shells  will  be  removed  from  bottoms  and  stored 
ashore  to  kill  fouling  organisms,  and  then  replanted  the  following 
season  when  oyster  larvae  settle.  Cultch  will  be  planted  in  more 
selected  areas,  and  at  more  favorable  times.  More  shell  beds  will 
be  prepared  in  place,  by  removing  silt  from  them  and  by  raising 
slightly  buried  shells  to  the  substrate  surface.  Small-scale  culture 
will  also  become  important:  oyster  seed  which  sets  in  exposed 
shallow  areas  will  be  transplanted  to  safer  areas,  use  of  plastic 
collectors  to  collect  spat  will  increase,  and  hatchery  production  on 
the  east  coast  will  increase.  If  strains  of  oysters  can  be  developed 
that  have  substantially  higher  survival  rates  in  oyster  disease 
(Dermo  and  MSX)  areas,  hatchery  culture  and  grow-out  will  ex- 
pand substantially  in  Delaware  and  Chesapeake  Bays. 

BAY  SCALLOP  {ARGOPECTEN  IRRADIANS)  RESTORA- 
TION RESEARCH  EFFORTS  ALONG  THE  CENTRAL 
FLORIDAN  GULF  COAST.  Dan  C.  Marelli  and  WUIiam  S.  Ar- 
nold, Flonda  Department  of  Environmental  Protection.  Florida  Ma- 
rine Research  Institute.  100  8th  Avenue  SE.  St.  Petersburg.  FL  33701 . 

Bay  scallops  are  conspicuous  members  of  shallow-water  sea- 
grass  communities  throughout  the  Floridan  Gulf  of  Mexico  coast. 
Their  geologic  history  in  the  Gulf  dates  to  the  Miocene  and  mod- 
em Gulf  forms  date  to  the  early  Pleistocene  (perhaps  1.8  Ma.  ago). 
The  bay  scallop  is  commonly  found  in  bays  and  coastal  lagoons, 
and  has  been  highly  prized  as  a  game  species  for  many  centuries. 
Unfortunately  the  bay  scallop  is  also  a  species  of  special  concern 
in  Florida  because  population  declines  during  the  past  30  years 
have  virtually  erased  millions  of  years  of  evolution  and  adaptation 
in  much  of  the  former  range  of  the  .species.  Whether  scallop  popu- 
lational  declines  reflect  environmental  degradations  or  a  combina- 
tion of  factors  is  unclear,  but  the  undeniable  fact  is  that  non- 
indigenous  human  population  increases  and  concomitant  habitat 
alterations  are  incompatible  with  the  massive  scallop  populations 
once  present  in  Florida. 

Scallop  researchers  have  focused  the  blame  on  harvest  pressure 
and  water  quality  degradation.  Evidence  for  water  quality  im- 
provements and  limited  scallop  resurgences  in  some  areas  of 
Florida  are  suggestive  but  circumstantial.  And  although  anecdotal 
evidence  of  overharvest  is  compelling,  our  lack  of  understanduig 
of  scallop  population  biology  precludes  a  firm  conclusion  on  this 
point.  Areas  within  Florida  that  traditionally  supported  large  scal- 
lop populations  have  not  recovered  despite  partial  reductions  in 
harvest  pressure  and  improvements  in  habitat  characteristics,  so 
scientists  have  begun  to  emphasize  a  lack  of  successful  fertiliza- 
".'in  and  recruitment  as  an  impediment  to  stock  recovery. 

The  state  of  Florida  is  interested  in  the  recovery  of  scallop 


stocks  both  as  a  fishery  species  and  as  a  bellwether  of  environ- 
mental improvement.  We  are  therefore  beginning  a  three-year  bay 
scallop  restoration  project.  Our  short-term  goal  is  to  enhance  two 
local  populations  using  concentrated  spawner  stocks.  We  will 
identify  stocks  using  genetic  markers  and  follow  the  progeny  in  an 
attempt  to  estimate  the  contribution  of  the  experimental  spawner 
stocks  to  subsequent  generations.  The  ultimate  goal  will  be  to 
increase  the  scallop  spawner  stocks  in  the  study  areas  .so  that  they 
become  self-sustaining  through  natural  spawning  events.  Once 
successfully  enhanced,  proper  management  of  the  scallop  harvest 
and  protections  against  habitat  degradation  will  be  important  in 
maintaining  the  populations. 

CURRENT  STATUS  OF  ABALONE  (FAMILY  HALI- 
OTIDAE)  AQUACULTURE  IN  THE  CALIFORNIAS.  Susan 
C.  McBride.  Sea  Grant  Extension  Program.  2  Commercial  St..  S. 
4.  Eureka  CA  95501. 

Abalone  aquaculture  in  California  and  Baja  California  is  ex- 
panding. The  number  of  commercial  farms  has  increased  from  two 
in  1980.  five  in  1989,  to  14  in  1997.  Significant  production  of  70 
to  132  metric  tons  between  1992  and  1996  has  resulted  in  sales  of 
over  2  million  dollars  annually.  Investment  in  hatcheries  has  re- 
sulted in  annual  seed  production  of  approximately  three  million. 
Production  systems  have  diversified  and  in-water,  growout  facili- 
ties produced  22%  of  the  total  132.916  kg  in  shell,  market  size 
abalone  in  1996.  Resource  management  agencies,  the  abalone 
aquaculture  industry,  and  university  researchers  have  addressed 
the  introduced  sabellid  worm  problem  by  inspections  of  seed  be- 
fore sale,  improved  farm  sanitation  practices,  and  use  of  screens  on 
farm  discharges.  Larval  and  seed  enhancement  are  the  main  ac- 
tivities of  research  and  development  firms  in  California  and  fishery 
cooperatives  in  Baja  California. 

PACKAGING  AND  SHIPPING  LIVE  ADULT,  JUVENILE, 
AND  LARVAL  ABALONE,  HALIOTIS  SPP.,  FOR  COM- 
MERCIAL AND  RESEARCH  PURPOSES.  Susan  C. 
McBride,  University  of  California  Sea  Grant  Extension  Program, 
2  Commercial  St..  Suite  4.  Eureka,  CA  95501. 

A  significant  demand  for  live  aquatic  products  has  resulted  in 
transport  of  live  abalone  to  international  markets.  Live  aduhs, 
juvenile,  and  larval  abalone  have  been  successlull\  shipped  to 
destinations  24  to  36  hours  away.  Biological  considerations  such 
as  handling  stress,  respiration,  circulation,  excretions  and  tempera- 
ture tolerance  are  important  considerations  to  ensure  healthy  aba- 
lone arrive  at  their  destination.  Due  to  their  sedentary  nature,  abil- 
ity to  attach  to  substrates  and  to  survive  out  of  their  natural  sea- 
walcr  meduim.  abalone  arc  siulahle  lor  shipment  in  containers 
without  seawater.  During  transport,  cool  temperatures  within  the 
shipping  contamer  keep  metabolic  rates  and  other  body  processes 
low.  Delicate  gill  tissues  are  protected  from  desiccation  by  pro- 
viding a  humid  en\  ironment.  Abalone  are  usually  not  fed  for  two 
to  four  days  before  shipping  to  reduce  fecal  waste  production 
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during  transport.  Handling  li\c  abakme  requires  care,  but  is  worth 
the  effort  uhen  dealing  with  markets  where  freshness  is  prized. 

GROW  TH.  FEEDING  RATE,  AND  FEEDING  EFFICIENCY 
OF  SMALL  SEA  URCHINS,  STRONGYLOCENTROTVS 
FRANCISCANVS,  FED  PREPARED  FEEDS  OF  THREE 
PROTEIN  LEVELS.  Susan  C.  McBride,  John  M.  Lawrence, 
and  Addison  L.  Lawrence,  University  of  California  Sea  Grant 
Extension  Program.  2  Commercial  Street.  Suite  4.  Eureka.  CA 
9.5501. 

Small  Strongylocentrolus  franciscaiuts  (mean  ±  s.d.  =  18.3  ± 
13.1  g  wet  body  weight)  were  placed  in  individual  containers  on  27 
March  1997  and  fed  prepared  feed  with  30%,  40%,  or  50%  protein 
until  27  June  (n  =  8/treatnient).  Growth  (increase  in  wet  body 
weight)  did  not  differ  significantly  with  treatment  (ANOVA.  p  = 
0.861).  The  feeding  efficiency  (increase  in  g  wet  body  weight/g 
wet  weight  feed  consumed)  was  calculated  for  each  individual. 
The  feeding  efficiencies  for  the  307f  and  40%  efficiencies  and  the 
40%  and  50%  efficiencies  did  not  differ  significantly  (p  =  0.5702. 
0.1172  respectively),  but  the  efficiencies  for  the  30%  and  50% 
efficiencies  did  differ  significantly  (p  =  0.0028).  This  suggests 
physiological  regulation  of  feeding  so  that  the  rate  decreased  with 
the  increased  level  of  protein.  Prepared  feeds  used  to  promote 
somatic  growth  of  small  sea-urchins  can  balance  the  amount  eaten 
and  the  concentration  of  protein. 

EFFECTS  OF  SUPPLEMENTAL  FEEDING  ON  THE  HAR- 
VESTS OF  CRAWFISH  iPROCAMBARUS  CLARKII).  W. 
Ray  McCIain,  Rice  Research  Station,  Louisiana  Agricultural  Ex- 
periment Station.  Louisiana  State  University  Agricultural  Center. 
Crowley.  LA  70527-1429. 

Crawfish  {Procamhanis  spp. )  culture  in  the  southeastern  USA 
currently  relies  solely  on  a  forage-based,  detrital  food-web  system. 
Although  supplemental  feeds  have  consistently  produced  in- 
creased crawfish  growth  or  production  under  controlled  condi- 
tions, feeding  practices  in  ponds  frequently  proved  uneconomical, 
and  positive  results  were  inconsistent  and  difficult  to  repeat.  This 
study  examined  the  effects  on  three  feeds  provided  as  supplements 
to  a  detrital-ba.sed  system  in  earthen  ponds.  Formulated  (25% 
crude  protein)  crustacean  pellets  and  two  low  cost  feedstuffs 
(whole  rice  seed  and  soybeans)  were  evaluated  for  their  effects  on 
crawfish  catch  and  production. 

Sixteen  ponds  (0.2  ha)  were  planted  in  rice  on  21  August  1996. 
permanently  flooded  on  2  October,  and  managed  to  simulate  com- 
mercial crawfish  production  ponds.  The  three  feed  treatments  and 
a  non-fed  control  were  assigned  to  ponds  in  a  complete  random- 
ized block  design  (4  reps).  Feeds  were  fed  3  days/week  (M,  W.  F) 
beginning  10  February  1997  at  28  kg/ha/day  dry  weight,  increasing 
5.6  kg/ha/day  per  month.  Feeding  ceased  on  30  April.  Crawfish 
were  harvested  with  pyramid  traps  (64  traps/ha  after  a  24-h  set) 
three  consecutive  days  per  week  commencing  on  24  January  and 
continuing  until  ponds  were  drained  on  5  June  1997.  All  harvested 


crawfish  were  graded  into  three  size  categories  (large  &  31  g, 
medium  21-30  g.  small  <2I  g). 

Crawfish  catch  was  reduced  by  feeding  in  this  study,  resulting 
in  significantly  (P  =s  0.05)  lower  total  yields.  Average  daily  catch 
was  not  significantly  different  prior  to.  or  after  the  period  of 
supplemental  feeding;  however,  the  catch  was  reduced  by  50% 
when  ponds  were  fed  and  simultaneously  harvested.  Catch  from 
fed  ponds  averaged  58%  and  36%  lower  when  harvest  occurred 
one  day  and  2  days  after  feeding,  respectively.  Although  there 
were  no  significant  differences  among  feed  types,  the  pelleted  feed 
consistently  was  associated  with  the  greatest  reduction  in  yield. 
The  presence  of  feed  in  ponds  may  interfere  with  the  attractability 
of  bait,  especially  when  crawfish  numbers  are  low.  Abundance  of 
large  crawfish  in  the  harvests  indicated  relatively  low  population 
density  in  this  study.  Different  outcomes  may  result  when  popu- 
lation density  is  greater. 

OYSTER  CULTURE  IN  LOUISIANA'S  BARATARIA- 
TERREBONNE  ESTUARIES.  Earl  Melancon,  Tom  Soniat. 
Ron  Dugas,  Paul  Meier,  Mark  Schexnayder  and  Robert  Ance- 
let.  Department  of  Biological  Sciences.  Nichiills  State  LIniversity, 
Thibodaux,  LA  70310-2021. 

The  Barataria  and  Terrebonne  estuaries  (B-T)  are  located  in  the 
southern  regions  of  the  Barataria-Terrebonne  Basins,  and  are  a  part 
of  the  National  Estuary  Program  (BTNEP).  The  two  estuaries  are 
representative  of  Louisiana's  oyster  fisheries  with  privately  leased 
water  bottoms  and  three  public  oystr  reservations;  Sister  Lake 
(a.k.a.,  Caillou  Lake)  and  Bay  Junop  in  the  Terrebonne  estuary, 
and  Hackberry  Bay  in  the  Barataria  estuary.  Between  1989-94.  the 
two  estuaries  contributed  an  average  annual  harvest  of  2.608.972 
kg  of  oyster  meat  (Crassostrea  virginica)  with  an  ex-vessel  value 
of  $18,099,842  (source:  BTNEP). 

Using  Sister  Lake  as  an  example  of  management  efforts, 
1 12,974  m''  of  cultch  (mostly  Rangia  cimeala)  have  been  planted 
from  1970-94  by  the  Louisiana  Department  of  Wildlife  and  Fisheries 
(LDWF).  During  this  same  25  year  period,  oystermen  have  harvested 
from  Sister  Lake  359.764  sacks  of  oysters  for  direct-sale  and  443,247 
barrels  of  seed  for  transplanting  to  leases  (source:  LDWF);  1  LA 
barrel  =  3  U.S.  bushels,  and  I  LA  sack  =   1.5  U.S.  bushels. 

Complete  records  from  three  of  the  four  coastal  parishes  within 
the  estuaries  indicate  that  oyster  lease  acreage  has  increased  1 80%', 
from  14.110  hectares  to  39,534  hectares,  during  the  period  from 
1959-1991  (source  LDWF).  During  this  same  period,  adjacent 
wetlands  have  eroded  to  open  water,  some  of  which  have  become 
new  oyster  habitat.  Between  1958-1990.  open  water  within  oyster 
areas  have  increased  from  241.370  hectares  to  333.950  hectares,  a 
38%^  increase  (source:  National  Biological  Service).  State  and  Federal 
coastal  wetlands  restoration  efforts  and  the  resulting  impacts  on  oyster 
leases  have  become  significant  topics  of  discussion  and  concern. 

Oystermen  must  adjust  to  sewage  pollution  closures  and  fish 
areas  when  opened  by  the  Louisiana  Department  of  Health  and 
Hospitals  (LDHH).  Approximately  15.379  hectares  within  the  two 
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estuaries  are  permanently  closed  to  oyster  harvest  (source: 
LDHH).  The  Gulf  of  Mexico  Program's  Shellfish  Challenge  Ini- 
tiative, through  the  National  Oceanic  and  Atmospheric  Adminis- 
tration's Strategic  Environmental  Assessment  Division,  has  fo- 
cused its  efforts  on  the  B-T  estuaries  to  reduce  sewage  contami- 
nation of  oyster  areas.  Possible  strategies  include  connecting 
poorly  operating  septic  systems  to  community  treatment  facilities, 
reduce  fecal  coliform  inputs  from  cattle  grazing  lands,  increase 
pump-out  stations  at  marinas  and  fuel  docks,  and  streamline  regu- 
latory procedures  for  relaying  oysters  from  closed  to  open  waters. 

MODELING  THE  FEEDING  PROCESSES  IN  BIVALVES: 
IN  VIVO  STUDIES  OF  PARTICLE  TRANSPORT  RATES 
ON  THE  CTENIDIUM  (=GILL).  Lisa  M.  Milke,  J.  Evan 
Ward,  Sandra  E.  Shuniway.  Jeffrey  S.  Levinton,  Salisbury 
State  University,  Salisbury,  MD  21801. 

Suspension-feeding  bivalves,  such  as  the  eastern  oyster  Cras- 
sostrea  virginica.  can  assume  a  large  ecological  role  by  linking 
benthic  and  pelagic  ecosystems.  Therefore,  a  knowledge  of  the 
factors  that  influence  feeding  rates  and  processes  is  important  in 
understanding  bivalve  dominated  environments.  Most  previous 
models  of  particle  processing  in  bivalves  have  considered  only  the 
input  (capture/collection)  and  output  (pseudofeces/ingestion)  of 
the  system.  In  this  study,  we  measured  particle  transport  velocities 
in  the  ventral  and  dorsal  ctenidial  food  tracts  of  Crassosireo  vir- 
ginica to  determine  if  this  feeding  organ  responds  to  changes  in 
food  quality  or  gut  fullness.  The  results  will  be  used  to  generate  a 
model  of  the  oyster's  pallial  cavity  processes  using  the  modeling 
software  Stella. 

Oysters  were  offered  Rhodoinonas  lens,  a  microalgae  that  they 
prefer,  and  ground  Spartina  alternifloia  particles  which  can  be  a 
major  constituent  of  detritus  in  the  water  column.  These  food 
particles  were  offered  to  oysters  in  two  concentrations  (10'*,  10^ 
particles  mP')  over  a  9-10  h  period,  and  feeding  activity  was 
observed  by  means  of  video  endoscopy  to  determine  if  particle 
type  or  gut  fullness  affected  feeding  rate.  In  oysters  that  were  fed 
5.  ahernifldia  particles,  ventral  and  dorsal  transport  rates  were 
independent  of  concentration  and  duration  of  feeding.  In  oysters 
that  were  fed  R.  lens  cells,  ventral  tract  transport  rates  were  inde- 
pendent of  concentration  and  duration  of  feeding.  At  10^  cells 
mT',  however,  dorsal  transport  rates  significantly  decreased  after 
6  hours  of  feeding.  In  addition,  oysters  fed  R.  lens  at  lO"*  cells  mP' 
had  significantly  higher  mean  dorsal  transport  rates  than  oysters 
feeding  on  S.  alteniiflora  at  the  same  concentration.  Our  results 
suggest  that  ingestive  capacity  may  operate  as  a  feedback  mecha- 
nism allowing  the  oyster  to  adjust  particle  processing  rales  de- 
pending on  food  quantity  and  quality. 

THE  NEW  RIGHT  NOW!™  24  HOUR  ENTIRELY  AERO- 
BIC NITRIFICATION  CYCLE.  William  Nicholas  "Snake" 
Hiatt,  HiatI  Distributors  Limited,  P.O.  Box  7473.  Long  Beach, 
California  90807. 


Water  systems  commonplace  in  today's  environment,  includ- 
ing aquarium  aquaculture  systems,  streams,  rivers,  ponds,  lakes, 
and  ground  water.  All  are  subject  to  contamination  by  many  inor- 
ganic and  organic  compounds,  as  well  as  nitrogen  waste  compo- 
nents, in  particular  ammonium,  nitrites,  and  nitrates,  which  at  cer- 
tain concentrations  become  highly  toxic.  Municipal  wastewater 
solutions,  for  example  raw  sewage  and  industrial  effluents,  often 
contain  high  levels  of  ammonium  and  phenols,  cyanides,  sulfates, 
thiocyanates,  thiosulfates,  as  well  as  other  toxic  waste  compounds. 
Many  spent  military  explosives  contain  organonitrate  waste,  and 
removing  such  waste  in  an  economical  fashion  without  contami- 
nation of  the  environment  remains  a  challenge.  These  nitrogen 
waste  streams  are  one  of  the  principal  major  ecological  and  envi- 
ronmental problems  facing  mankind,  and  will  continue  to  pose 
serious  problems  as  the  population  grows  and  waste  production 
increases. 

HIATT  DISTRIBUTORS,  LTD.  has  developed  a  product 
which  has  the  unprecedented  capability  to  establish  a  Totally 
Aerobic  Nitrogen  Cycle  in  24  hours  (instead  of  28  days)  in 
aquarium  aquaculture,  as  well  as  treat  and  remediate  serious  ni- 
trogen pollution  in  large  aqueous  systems,  whether  natural  or  man- 
made.  This  present  invention  relates  to  new  denitrifying  aerobic 
bacterial  compositions  and  to  aerobic  methods  for  biological  treat- 
ment of  aqueous  systems  polluted  by  nitrogen  waste  products.  This 
paper  is  intended  to  supply  sufficient  information  to  enable  the 
reader  to  understand  the  nature  of  the  problem  and  to  become 
acquainted  with  the  revolutionary  and  superior  method  by  which 
Hiatt  Distributors  RIGHT  NOW!  BACTERIA  solves  it. 


THE  EFFECT  OF  OYSTER  HEMOLYTIC  FACTORS  ON 
PERKINSUS  MARINUS  PROTEASES.  Jacques  L.  Oliver, 
Mohammed  Faisal,  and  Stephen  L.  Kaattari,  Department  of 
Environmental  Sciences,  School  of  Marine  Science,  Virginia  In- 
stitute of  Marine  Science,  The  College  of  William  and  Mary, 
Gloucester  Point,  Virginia  23062. 

Infections  by  the  Apicomplexan  protozoan.  Perkinsiis  nuirinns. 
have  led  to  a  dramatic  decline  in  the  populations  of  the  eastern 
oyster,  Crassostrea  virginica.  within  the  Chesapeake  Bay.  The 
mechanisms  of  infection  and  the  pathogenicity  of  this  protozoan 
are  poorly  understood.  Recent  research  has  re\ealed  the  production 
of  serine  protea.ses  by  P.  nniriniis  under  /;;  vitro  conditions.  In 
addition,  these  serine  proteases  have  been  detected  in  naturally 
infected  oysters  in  the  Chesapeake  Bay.  Furthermore,  P.  marinns 
proteases  have  been  shown  to  detrimentally  affect  eastern  oyster 
defense  mechanisms.  Hemocyte  motility,  lysozyme  activity,  and 
hemagglutinin  titers  have  decreased  upon  exposure  to  these  serine 
proteases. 

Our  in  vilro  studies  have  shown  these  proteases  to  selectively 
eliminate  eastern  oyster  plasma  proteins  of  approximately  25,  28, 
33,  and  42  kDa.  We  have  observed  the  preservation  of  three  of 
these  plasma  proteins  under  conditions  where  the  proteases  were 
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exposed  to  fractionated  host  hemolymph  during  the  exposure  to 
host  plasma  proteins.  The  putatise  expression  of  anti-proteolytic 
factors  specific  for  P.  nuirinus  proteases  by  C.  virginica  suggest  an 
immune  response  to  this  parasite. 

It  is  known  that  the  Pacific  oyster.  Crassostrea  gigas.  is  resis- 
tant to  the  disease  caused  by  P.  marinus.  The  mechanism! s)  of 
resistance.  ho\ve\er.  is  not  known  at  this  time.  We  have  shown  that 
the  plasma  proteins  from  C  gigns  are  sensitive  to  proteolysis  by  P. 
marinus  proteases  in  vitro.  The  function! s)  of  the  targeted  plasma 
proteins  is  not  yet  known  although  the  ability  of  the  oyster  to 
maintain  its  health  despite  the  loss  of  these  plasma  proteins  suggest 
some  alternative  mechanisms  of  resistance.  The  observation  that 
selected  populations  of  C.  virginica  are  able  to  maintain  their 
health  in  areas  heavily  infested  by  the  pathogen  is  of  particular 
mterest.  In  this  study  we  explore  the  potential  patterns  of  resistance 
and  survivabilit)  in  both  species  of  oysters. 


3  of  the  5  bays  studied,  oysters  from  the  site  with  the  highest 
(summed)  tissue  concentrations  of  copper,  cadmium,  mercury  and 
zinc  also  had  the  highest  circulating  hemocyte  number.  However. 
across  all  sites,  the  association  between  hemocyte  counts  and  met- 
als was  inconsistent.  Mean  percentage  of  locomotory  hemocytes 
tended  to  be  higher  in  oysters  from  sites  with  high  ciincentrations 
of  select  PAHs.  Although  certain  associations  appear  to  exist  be- 
tween oyster  defense  functions  and  tissue  contaminant  burdens, 
involvement  of  other  factors  such  as  gametogenic  stage,  nutritional 
status,  and  prior  pathogen  exposure  also  affect  hemocyte  activities. 
Elucidation  of  the  role  of  these  variables  will  enhance  understand- 
ing of  contaminant  effects  on  oyster  defenses.  Current  research 
evaluates  the  effects  of  acute  in  vitro  contaminant  exposure  on 
oyster  hemocyte  cytotoxic  capability  against  live  bacteria.  The 
outcome  of  these  experiments  w  ill  be  related  to  the  environmental 
survey  results. 


HEMOCYTE  ACTIVITIES  AND  CONTAMINANT  BUR- 
DENS IN  OYSTERS  (CRASSOSTREA  VIRGLMCA)  FROM 
FIVE  ESTUARIES  IN  THE  SOUTHEASTERN  UNITED 
ST.ATES.  Leah  M.  Oliver,  William  S.  Fisher,  and  .\swani  Vo- 

lety,  U.S.  EPA  National  Health  and  Environmental  Effects  Re- 
search Laboratory.  Gulf  Ecology  Division.  1  Sabine  Island  Drive. 
Gulf  Breeze.  FL  32561-5299. 

Anthropogenic  pollutants  that  enter  estuarine  environments 
threaten  the  health  of  aquatic  organisms.  Sessile,  filter-feeding 
bivalve  mollusks  such  as  oysters  (C.  virginica)  bioaccumulate  con- 
taminants resulting  in  tissue  burdens  that  are  orders  of  magnitude 
abo\e  environmental  concentrations.  Oysters  may  suffer  stress 
without  direct  mortality  as  a  consequence  of  chemical  exposure.  A 
previous  survey  of  oysters  from  16  sites  in  Tampa  Bay,  Florida, 
indicated  that  high  concentrations  of  metals  in  tissues  appeared  to 
be  associated  with  heightened  cellular  defense  responses  such  as 
circulating  hemocyte  number,  percent  mobility,  rate  of  locomo- 
tion, phagocytic  activity  and  superoxide  anion  (O^")  producing 
ability.  To  further  investigate  the  relationship  between  toxicant 
accumulation  and  immunomodulation.  oysters  were  collected  from 
sites  within  each  of  4  bays  in  the  Gulf  of  Mexico  and  from  Bis- 
cayne  Bay  in  South  Florida.  Sites  varying  in  pollution  were  se- 
lected based  on  the  availability  of  natural  oyster  populations.  Fol- 
lowing collection,  individual  oyster  samples  were  evaluated  in 
vitro  for  hemocyte  number,  rate  and  percent  of  locomotion,  basal 
and  zymosan-challenged  chemiluminescence.  and  phagocytosis  or 
particle-binding  ability.  Oyster  serum  was  tested  for  protein  and 
lysozyme  content.  A  separate  composite  sample  of  oyster  tissue 
(20  animals)  was  frozen  for  analysis  of  metals,  polynuclear  aro- 
matic hydrocarbons  (PAHs),  polychlorinated  biphenyls  (PCBs). 
and  chlorinated  pesticides. 

Of  the  four  Tampa  Bay  sites  which  were  also  sampled  in  1993. 
similar  trends  were  seen  for  hemocyte  number  and  rate  and  percent 
of  locomotion,  with  higher  means  for  these  hemocyte  activities 
seen  in  samples  from  sites  highest  in  metals.  PCBs  and  PAHs.  In 


MODELING  THE  SPATIAL  AND  TEMPORAL  EFFECTS 
OF  SALINITY  ON  HAPLOSPORIDILM  SELSONI  (MSX). 
Eric  Powell.  Susan  Ford.  Eileen  Hofmann.  John  Klinck,  and 
Stephen  Jordan,  Rutgers  University,  Haskin  Shellfish  Research 
Laboratory.  6959  Miller  Avenue,  Port  Norris,  NJ  08349. 

MSX  is  one  of  the  two  diseases  that  have  devastated  oyster 
industries  of  the  mid-Atlantic  United  States  during  the  last  several 
decades.  The  second.  Dermo  disease,  was  until  recently  restricted 
to  southern  states,  but  is  now  spread  along  the  entire  east  coast. 
Both  diseases  are  caused  by  parasitic  protozoans:  MSX  by  Hap- 
losporidium  nelsoni  and  Dermo  by  Perkinsus  marinus.  To  provide 
a  tool  for  better  understanding  the  host-parasite-environment  in- 
teractions as  well  as  for  improved  management  of  stocks  in  en- 
zootic areas,  we  are  developing  a  numerical  model  that  includes 
both  parasites,  the  host  Crassostrea  virginica.  and  the  local  en\i- 
ronment.  The  components  involving  P.  marinus  and  C.  virginica 
have  already  been  developed  and  integrated.  Our  current  efforts 
have  focused  on  creating  a  model  for  H.  nelsoni. 

Data  obtained  from  long-term  field  observations,  field  studies, 
and  laboratory  experiments  were  used  to  construct  governing 
equations  describing  the  relationships  of  H.  nelsoni  and  oysters 
under  different  environmental  conditions.  In  the  model,  host- 
parasite  interactions  are  controlled  by  temperature,  salinity,  food 
availability,  and  turbidity,  as  well  as  by  density-depended  biologi- 
cal influences  on  the  parasite's  growth  and  death  rates.  The  model 
was  initially  validated  using  environmental  conditions  measured  in 
the  high-salinity  oyster  growing  regions  of  Delaware  Bay,  where 
MSX  disease  has  been  enzootic.  Model  simulations  reproduced  the 
observed  seasonal  H.  nelsoni  cycles  and  consequent  mortality  in 
oysters  with  varying  degrees  of  resistance  to  the  parasite.  In  simu- 
lations, the  amount  of  cold  exposure  in  winter,  the  summer  sa- 
linity, and  the  timing  and  extent  of  the  spring  plankton  bloom 
are  the  primary  factors  controlling  H.  nelsoni  prevalence  and  in- 
tensity. 
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Salinity  is  probably  the  most  effective  natural  control  on  H. 
nelsoni.  The  parasite's  abundance  decreases  in  low-salinity  regions 
and  during  periods  when  salinity  is  depressed,  and  it  can  be  elimi- 
nated from  infected  oysters  exposed  to  low  salinity.  It  is  conse- 
quently of  great  importance  to  management  to  be  able  to  predict 
both  spatial  and  temporal  changes  in  H.  nelsoni  prevalence  based 
on  fluctuations  in  salinity  at  given  locations  in  oyster-growing 
regions.  To  assess  the  model's  ability  to  predict  such  changes,  we 
used  a  3-year  data  set  (1990-1993),  collected  at  3  locations  along 
the  salinity  gradient  in  Chesapeake  Bay,  to  simulate  the  prevalence 
and  intensity  of  H.  nelsoni  in  oysters  at  those  locations.  Input  data 
consisted  of  water  temperature  and  salinity,  food  availability,  and 
turbidity.  The  input  data  period  was  chosen  because  it  included  a 
drought,  which  elevated  salinities  during  year  2.  Simulation  results 
were  compared  with  H.  nelsoni  infection  levels  actually  observed 
at  the  time. 

Model  simulations  indicated  that  no  infections  would  be  found 
in  oysters  at  the  most  upbay  site,  even  during  the  drought.  They 
further  predicted  that  no  infections  would  be  found  at  the  inter- 
mediate site  during  the  first  year,  under  the  average  salinity  re- 
gime, but  that  infections  would  appeared  as  a  consequence  of  the 
drought.  Finally,  at  the  downbay  site,  the  model  showed  low 
prevalence  in  year  one,  with  a  marked  increase  after  the  onset  ot 
drought.  The  prevalence  of  H.  nelsoni.  diagnosed  in  oysters  col- 
lected at  the  time,  followed  a  similar  pattern.  Thus,  the  model 
shows  a  consistent  ability  to  predict  trends  in  H  nelsoni  mfection 
patterns  as  a  consequence  of  both  temporal  and  spatial  salinity 
changes. 


OYSTER  CULTURE  IN  GALVESTON  BAY.  Sammy  M. 
Ray,  and  Richard  L.  Benefield,  Texas  A&M  University  at 
Galveston,  P.O.  Box  1675,  Galveston,  Texas  77551. 

Oy.ster  culture  in  Texas  is  generally  limited  to  the  private  oyster 
lease  program  in  Galveston  Bay.  There  are  43  private  leases  hav- 
ing 2322  acres  located  in  niid-Galveston  and  East  Galveston  Bays. 
The  transplanting  of  oysters  from  restricted  areas  to  leases  in 
approved  areas  is  currently  the  only  means  of  obtaining  seed 
and  market  oysters.  The  transplanting  of  oysters  from  restricted 
waters  reduces  the  incentive  for  illegal  harvest  and  allows  the 
commercial  industry  to  fully  utilize  the  oyster  resources  of 
Galveston  Bay. 

From  1972-1996,  the  coastwide  harvest  of  oyster  meats  aver- 
aged 3,245,972  pounds  per  year.  The  annual  average  Galveston 
Bay  harvest  (including  lease  production)  yielded  2,520,795  pounds 
of  oyster  meat  during  this  period.  Private  lease  production  yielded 
an  average  of  839,505  pounds  of  meat  per  year  during  1977-1996. 
Private  leases  yielded  about  26%  of  statewide  production  and 
33.3%  of  Galveston  Bay  production. 

Other  methods  of  oyster  culture  in  Galveston  Bay  have  been 
limited  to  occasional  shell  plantings,  artificial  reef  construction, 
and  cage  culture  using  hatchery-reared  seed. 


MASS  PRODUCTION  OF  MARINE  MICROALGAE  FOR 
OYSTER  GROW  OUT.  Tim  Reed.  Reed  Mariculture,  Inc  ,  Cor- 
ralitos,  CA  95076. 

Microalgal  production  has  long  played  a  critical  role  in  shell- 
fish and  finfish  hatcheries,  but  has  been  seen  as  too  difficult  and 
costly  for  shellfish  grow  out.  This  project  demonstrates  that  mi- 
croalgae  can  be  mass  produced  cost  effectively  as  a  feed  source  for 
juvenile  and  adult  oysters  and  other  filter  feeders.  In  this  pilot 
system,  several  species  of  diatoms  and  marine  flagellates  are  pro- 
duced in  a  closed,  recirculating  system  with  Pacific  and  European 
oysters.  Critical  elements  for  success  include  natural  lighting,  heat- 
ing and  cooling,  and  an  elaborate  monitoring  and  control  system 
which  continually  adjusts  for  environmental  changes.  Other  im- 
portant factors  are  the  selection  of  an  advantageous  temperate 
microclimate,  selection  of  algal  cultures,  and  continuous  monitor- 
ing of  water  chemistry. 

A  SHELLFISH  MARICULTURE  TRAINING  PROGRAM 
FOR  LONG  ISLAND,  NEW  YORK  COMMERCIAL  FISH- 
ERMEN. Gregg  Rivara,  Cornell  Cooperative  Extension  of  Suf- 
folk County  Marine  Program,  3690  Cedar  Beach  Road,  Southold, 
NY  1 1 97 1  and  John  Aldred,  Town  of  East  Hampton  Shellfish 
Hatchery,  Montauk.  NY  1  1954. 

Aquaculture  has  generally  been  viewed  skeptically  by  the  tra- 
ditional fisheries  in  New  York.  While  public  enhancement  pro- 
grams have  largely  been  supported  as  contributing  to  the  overall 
welfare  of  the  resource  and  thus  the  wild  harvester,  private  aqua- 
culture has  been  perceived  in  the  context  of  corporate  interiopers 
whose  businesses  will  directly  compete  with  local  commercial 
fishermen. 

Resource  and  water  quality  decline,  the  growth  of  waterfront 
development,  more  stringent  shellfish  sanitation  classifications  and 
increasing  regulatory  pressures  have  made  wild  harvesting  signifi- 
cantly less  viable  in  recent  years.  In  some  cases,  the  recent  ascen- 
dance of  public  enhancement  programs  have  made  aquaculture 
less  exotic  and  more  accessible.  An  increasing  number  of  fisher- 
men have  been  coming  to  view  a  part-time  mariculture  business  as 
a  possible  means  by  which  their  livelihoods  might  be  augmented 
and  therefore  maintained. 

Through  the  East  End  Institute,  a  local  economic  development 
association,  funds  were  made  available  in  1995  from  New  York 
State  and  in  1 996  from  the  Fishing  Industry  Grants  Program  of  the 
National  Marine  Fisheries  Service  to  establish  and  then  expand  a 
pilot  scale  oyster  culture  training  program  using  simple  off-bottom 
culture  techniques  and  encouraging  the  ingenuity  of  the  partici- 
pants. 

The  goal  of  the  training  program  is  to  produce  a  handful  of 
"success  stories"  from  the  40  participants.  A  core  group  of  suc- 
cessful participants  has  aheady  formed,  and  its  members  have 
purchased  seed  and  supplies  to  continue  culturing  oysters;  they 
have  also  acted  as  "mentors"  to  others  just  getting  started.  These 
individuals  have  discussed  forming  a  marketing  and  purchasing 
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cooperative  to  pool  their  production  and  increase  their  purchasing 
power  for  seed,  supplies  and  equipment.  A  part  of  the  program 
includes  an  economic  and  social  evaluation  of  the  project  to  de- 
termine how  attitudes  toward  private  mariculture  have  changed,  as 
well  as  the  long  term  economics  of  a  cottage  industry  approach  to 
shellfish  mariculture  on  Long  Island. 

OYSTER  CULTURING  IN  OREGON.  Anja  M.  Robinson.  Or- 
egon State  L'niversity.  Hatfield  Marine  Science  Center.  2030  S. 
Marine  Science  Drive.  Newport.  OR  97365. 

The  native  oyster  Ostrea  conchaphila  is  the  only  oyster  species 
native  to  the  west  coast  of  the  United  States,  It  was  abundant  in  the 
bays  and  estuaries  from  Alaska  to  California.  Coastal  Indians  con- 
sumed oysters  that  they  could  reach  during  low  tides.  White  set- 
tlers began  to  harvest  native  oysters  in  the  mid- 1800s.  and  by  the 
end  of  the  century  their  numbers  had  decreased  to  levels  too  low 
for  commercial  harvesting. 

The  west  coast  oyster  industry  depends  on  the  introduced  Pa- 
cific oyster  Crassostrea  gigas.  Seed  for  the  Pacific  oyster  is  pro- 
duced in  hatcheries,  since  the  water  temperature  of  most  estuaries 
is  loo  cold  for  natural  reproduction. 

Oregon  has  four  major  estuaries:  Tillamook  Bay.  Netarts  Bay. 
Yaquina  Bay.  and  Coos  Bay.  Pacific  oysters  are  commercially 
grown  at  each  estuary. 

Oregon  has  had  a  commercial  oyster  hatchery  since  1975  lo- 
cated at  Netarts  Bay.  Annual  larval  production  is  in  the  billions, 
with  larvae  being  shipped  to  oyster  growers  from  Alaska  to 
Mexico. 

Tillamook  Bay  has  six  oyster  growing  companies  with  an  an- 
nual production  of  5.000  gallons;  Netarts  Bay  has  three  companies 
with  an  annual  production  of  3.000  gallons:  the  one  Yaquina  Bay 
company  produces  11,000  gallons  annually;  and  Coos  Bay,  with 
four  companies,  has  an  annual  production  of  40.000  gallons. 

THE  EFFECT  OF  ABIOTIC  FACTORS  ON  THE  HATCH- 
ING OF  MOINA  MICRURA  KURZ,  1874  (CRUSTACEA: 
CLADOCERA)  EPHIPPIAL  EGGS.  Nilton  Eduardo  Torres 
Rojas,  Marcos  de  Afonso  Marins.  and  Odete  Rocha.  Instituto  de 
Pesca,  Av.  Francisco  Matarazzo.  455-Sao  Paulo-SP  Brazil  05031- 
900. 

Many  zooplankton  taxa  produce  encysted  embryos,  usually  re- 
sulting from  sexual  reproduction.  Such  resting  stages  form  a  key 
part  of  aquaculture,  and  the  mastering  of  both  acquisition  and 
hatching  techniques  of  such  cysts  and  ephippia  is  crucial  for  lar- 
viculture  of  fish  and  crustaceans.  Moina  micrura  is  a  common 
species  found  throughout  South  America.  This  genus  is  important 
as  food  for  fish  larvae,  such  as  pacu  (Piaracrus  mesopotamiciis) 
and  tambaqui  (Colossoma  macropomwn)  which  are  commonly 
utilized  in  Brazilian  aquaculture. 

The  goal  of  this  work  was  to  examine  the  relationship  between 
pH  (3  to   12).  concentration  of  dissolved  ions  (from  deionized 


water  to  800  mg  •  r'  of  selected  salts),  teinperature  ( 10  to  40°C), 
photoperiod  (0  to  24  hours)  and  light  intensity  (0  to  2000  lux)  and 
the  hatching  of  Moina  inicnira  ephippial  eggs,  in  an  effort  to 
define  optimum  hatching  techniques.  The  populations  were  kept  in 
laboratory  aquaria  with  30-40  I  of  water,  maintained  at  a  tempera- 
ture of  25  ±  2'C.  with  a  photoperiod  of  14  hours  light  at  an 
intensity  of  500  lux.  The  Moiini  were  fed  "ad  libitum"  twice  a 
day.  in  the  morning  with  Baker's  yeast  {Sacclnironixces  cerevi- 
siae)  and.  at  the  end  of  the  afternoon,  with  algae  iChtorella  ho- 
mosphaera.  Sceiiedesmus  econns.  Kinhneriella  liinuris.  Clihunx- 
domonas  sp.  and  Nephrocyliuin  lunatium).  Each  experiment  was 
replicated,  while  each  treatment  of  each  experiment  had  ten  rep- 
etitions, using  ten  eggs  in  each.  For  each  experimental  replicate,  all 
eggs  used  were  produced  by  the  same  population  and  at  the  same 
period.  The  data  were  examined  using  Analysis  of  Variance 
(ANOVA).  experimental  replicates  being  combined;  treatment  means 
were  compared  with  the  Tukey  complementary  test  (p  <  0.05). 

The  results  obtained  for  hatching:  For  the  pH  3.  4,  5,  6,  7,  8.  9, 
10.  11.  12.  were  4.59f.  16.0%.  49.0%.  46.0%,  46.0%.  47.0%, 
54.0%.  9.5%.  4.5%.  1.0%.  respectively— At-^i^^,^,  =   1.503. 

For  the  water  ionic  concentrations  of  deionized  water.  27.5 
iTig  ■  r'.  1  10.0  mg  •  r'.  220.0  mg  •  r'.  440.0  mg  ■  1"'.  880.0 
mg  ■  r'.  were  32.5%.  38.0%.  34.0%.  29.5%,  33.0%,  28.0%.  re- 
spectively— no  significant  differences. 

For  the  temperature  of  10°C.  I5°C.  20°C.  25°C,  30°C,  35°C, 
40°C,  were  0%,  22.5%.  49.0%,  76.0%.  15.5%.  14.5%.  2.0%.  re- 


spectively— A-r 


0.989. 


For  the  photoperiods  of  dark.  8  hours,  12  hours,  16  hours,  24 
hours,  were  3.0%,  58.0%.  56.5%.  57.5%.  66.5%.  respectively— 

-^Tukey    ~     LI  88. 

For  the  light  intensity  of  dark,  650  lux,  850  lux.  1350  lux.  2000 
lux.  were  2.5%.  46.5%,  57.5%.  60.0%.  60.0%.  respectively— 
^Tukey  =   I  187. 

Optimum  hatching  conditions  were:  pH  5-9.  temperature  25°C, 
photoperiod  eight  or  more  hours  light  per  day.  and  light  intensity 
equal  to  or  greater  than  850  lux.  Differences  in  water  ionic  con- 
centrations had  no  effect. 

This  study  was  funded  by  FAPESP  (Fundaijao  de  Amparo  a 
Pesquisa  do  Estado  de  Sao  Paulo). 

A  COMPARISON  OF  SIZE  SELECTIVITY  AND  RELA- 
TIVE EFFICIENCY  OF  SEA  SCALLOP  TRAWLS  AND 
DREDGES  UNDER  AMENDMENT  #4.  David  B.  Rudders  and 
William  D.  DuPauI,  Virginia  Institute  of  Marine  Science.  College 
of  William  and  Mary.  Gloucester  Point.  VA  23062. 

The  sea  scallop.  Placopecten  magellanicus,  fishery  of  the 
northwest  Atlantic  has  been  regulated  by  Amendment  #4  to  the 
Sea  Scallop  Fishery  Management  Plan  (FMP)  since  1994.  This 
amendment  sought  to  rectify  some  oversights  in  the  original  FMP 
by  instituting  gear  restrictions  in  an  attempt  to  control  scallop  age 
at  entry  to  the  fishery.  These  gear  restrictions  included  an  increase 
of  the  mesh  size  for  otter  trawls  to  5.50"  accompanied  by  a  total 
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sweep  of  less  than  144  ft.  Dredge  vessels  were  mandated  to  in- 
crementally increase  ring  size  of  the  net  bag  from  3.00"  to  3.25" 
and  finally  to  3.50"  over  a  3  year  period.  The  total  width  of  the 
dredge  was  also  restricted  to  be  less  than  or  equal  to  15  ft.  Recent 
studies  have  documented  the  performance  of  dredges  equipped 
with  3.50"  rings.  However,  there  have  been  no  studies  evaluating 
the  fishing  performance  of  sea  scallop  otter  trawls  with  5.50" 
mesh.  The  purpose  of  this  study  was  to  examine  the  performance, 
in  terms  of  catch  per  unit  effort  and  shell  height  size  distributions, 
of  otter  trawls  in  relation  to  dredges  under  Amendment  #4  condi- 
tions. Performance  was  assessed  during  three  trips  aboard  com- 
mercial sea  scallop  vessels  in  the  summer  and  fall  of  1997.  These 
trips  supply  the  data  necessary  for  the  comparison.  Preliminary 
analyses  of  the  data  suggest  differences  in  both  size  selectivity  and 
relative  efficiency  between  the  two  gear  types. 


ZEOLITIC  NATURE  PRODUCTS:  CULTURE  OF  MARINE 
MICROALGAE.  Jose  L.  Lopez  Ruiz  and  Jose  M.  Lopez- 
Alcala,  Research  Group  on  Zeolites  in  Aquaeulture,  Dpto.  Con- 
strucciones  Navales,  Centro  Superior  Estudios  Marinos,  CASEM 
Universidad  de  Cadiz,  1 1510  Puerto  Real  (Cadiz),  Spain. 

The  use  of  zeolites  in  aquaeulture  began  with  the  elimination  of 
ammonium.  Later,  it  became  known  that  these  products  exercised 
an  influence  on  the  transformation  of  nitrates  into  nitrites,  and 
through  this  route  the  study  of  their  intervention  in  biological 
processes  was  started.  From  such  studies,  it  was  found  that  the 
quantity  of  ammonium  and  the  type  of  bacteriae  produced  in  the 
decomposition  of  fish-feed  depended  on  the  species  of  zeolitic 
product  added  to  the  water. 

Among  the  biological  processes  influenced  by  zeolitic  nature 
products  (ZNPs)  are  the  marine  microalgae,  copepods  and  rotifers. 

The  zeolites  are  aluminosilicates,  particularly  of  sodium  and 
calcium,  and  may  be  natural  and  synthetic.  Their  properties  have 
generated  a  wide  range  of  applications. 

Particularly  significant  among  their  applications  is  the  positive 
influence  they  exert  over  the  growth  of  marine  microalgae,  cope- 
pods  and  rotifers;  we  have  conducted  many  experiments  in  this 
area,  in  collaboration  with  various  other  researchs,  especially  in- 
volving diatoms.  The  dose  level  at  which  ZNPs  are  used  is  notably 
low;  between  5  and  100  mg/l,  with  10-20  mg/1  usually  being 
recommended.  The  following  are  a  few  examples  of  the  results 
obtained;  1 )  Compared  with  the  control  without  ZNP,  cellular 
yields  increase  by  around  10%  in  the  growth  of  "Tetraselmis 
suecica"  culture  using  as  nutrient  residual  water  from  pscifactory. 
2)  In  the  culture  of  "Chaetoceros  muelleri",  the  addition  of  10 
mg/1  of  ZNP  achieved  a  21%  increase  in  yield.  3)  With  "Chaeto- 
ceros" sp.  and  10  mg  ZNP/I,  the  increase  in  yield  reached  35%.  4) 
When  "Nannochloropsis"  sp.  was  cultivated  in  the  presence  of 
ZNP  at  10  mg/1,  the  yield  increase  approached  75%.  5)  With 
"Tigriopus  brevicomis"  Muller,  the  addition  of  10  mg  of  ZNP/I 
mixed  with  "Tetraselmis  suecica",  produced  an  increase  of  36% 


in  yield.  6)  With  rotifers  the  addition  of  15  mg  ZNP/1  mixed  with 
"Nannochloropsis"  sp.  increased  the  medium  density  in  13%. 
The  results  obtained  lead  to  the  following  conclusions; 

a)  The  presence  of  ZNPs  increases  the  cellular  yields  in  the 
marine  microalgae  culture,  particularly  diatoms. 

b)  The  increases  yield  depends  on  the  dose  level  and  the  va- 
riety of  ZNP  used. 

c)  Positive  results  have  also  been  obtained  in  copepods  and 
rotifers. 

d)  The  use  of  ZNPs  is  very  easy  and  cheap. 

DESCRIPTION  AND  OPERATION  OF  A  HYDRAULI- 
CALLY  INTEGRATED  SERIAL  TURBIDOSTAT  ALGAL 
REACTOR  (HISTAR).  Kelly  A.  Rusch  and  Michael  J.  Chris- 
tensen,  Department  of  Civil  and  Environmental  Engineering, 
Louisiana  State  University,  Baton  Rouge,  LA  70803. 

The  Hydraulically  Integrated  Serial  Turbidostat  Algal  Reactor 
(HISTAR)  integrates  the  use  of  turbidostats/chemostats  with  open- 
top,  continuous  flow,  stirred-tank  reactors  (CFSTRs)  for  the  con- 
tinuous production  of  microalgae.  The  turbidostats/chemostats  are 
completely  enclosed  and  provide  a  contaminant-free  inoculum  for 
the  first  reactor  in  the  series  of  CFSTRs.  The  series  of  reactors 
functions  as  an  algal  amplifier,  allowing  the  algae  to  grow  as  the 
culture  moves  serially  through  the  first  to  last  reactor.  An  algal 
suspension  continually  leaves  the  last  reactor  at  a  rate  dependent 
on  the  inflow  rate  of  the  algae  from  the  turbidostats  (Q.^)  and  the 
culture  medium  (Q,).  The  underiying  rationale  for  the  development 
of  HISTAR  is  based  on  three  factors;  ( I )  maintenance  of  a  con- 
tinuous supply  of  microalgae.  (2)  provision  for  a  contaminant  tol- 
erant environment,  and  (3)  maintenance  of  an  environment  advan- 
tageous to  the  desired  microalgal  species.  The  first  factor  is  ad- 
dressed by  the  continuous  movement  of  algae  through  the  reactor 
24  hours  per  day.  The  second  factor  is  addressed  by  maintaining  a 
flow  pattern  conductive  to  washing  inadvertent  contaminants  from 
a  single  reactor  out  the  end  reactor.  The  third  factor  is  addressed  by 
maintaining  a  continuous  supply  of  inoculum  algae  in  the  first 
reactor  and  maintaining  a  retention  time  long  enough  for  the  algae 
to  reach  sufficient  population  by  the  last  reactor.  Investigations  to 
date  have  indicated  that  the  system  is  capable  of  daily  production 
of  2.5  kg-wet  paste  with  an  80%  moisture  content. 

INVESTIGATIONS  USING  OYSTER  CONDITION  INDEX 
TO  MONITOR  THE  AQUATIC  ENVIRONMENT  OF  WIL- 
LAPA  BAY  WASHINGTON.  Ervin  J.  Schumacker,  Brett  R. 
Dumbauld,  and  Bruce  E.  Kauffman,  University  of  Washington. 
School  of  Fisheries,  Box  357980,  Seattle,  Washington  98195. 

Declining  condition  index  (CI)  of  Pacific  oysters,  Crassostrea 
gigas.  in  Willapa  Bay,  located  in  south-western  Washington  state, 
has  been  linked  to  year-scale  climatic  events  such  as  El  Nino 
currents  in  offshore  waters  and  lower  outflow  from  the  adjacent 
Columbia  River.  This  study  attempts  to  relate  short-term  monthly 
changes  in  oyster  CI  to  changes  in  the  surrounding  aquatic  environ- 
ment and  thus  gain  insight  into  the  reasons  for  long-term  variations. 
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Oyster  CI  has  been  determined  by  a  number  ot  methods  in 
previous  studies.  Standardization  of  methodology  was  a  necessary 
goal  in  order  to  properly  compare  findings  from  various  studies. 
An  initial  step  of  this  project  was  to  compare  two  widely  used 
methods  to  determine  which  was  most  appropriate  for  general  use 
by  scientists  and  the  interested  public.  The  Washington  Depart- 
ment of  Fish  and  Wildlife  has  used  the  Westley  volumetric  (water 
displacement)  method  to  determine  CI  since  the  early  1960's  and 
collected  regular  monthly  samples  from  oyster  growing  areas.  This 
study  determined  CFs  using  both  the  standard  volumetric  tech- 
nique and  a  less  time-consuming  gravimetric  method  that  esti- 
mates the  oyster's  shell  cavity  volume  utilizing  dry  weights.  Com- 
paring the  results  over  a  year  long  period  shows  that  the  gravi- 
metric index  is  linearly  correlated  with  the  Westley  volumetric 
index  (r"  =  0.91)  and  can  be  used  in  its  place. 

Gravimetric  CFs  are  currently  being  collected  for  comparison 
with  aquatic  conditions  at  the  oyster  sites  such  as  temperature, 
salinity  and  chlorophyll  a  and  phaeopigment  levels.  Analysis  of 
the  data  is  being  conducted  using  multiple  regression  and  ANOVA 
to  determine  if  relationships  between  CI  and  the  surrounding 
aquatic  environment  can  be  characterized  for  Pacific  oysters  in 
Willapa  Bay. 


EVALUATION  OF  A  NONDESTRUCTIVE  METHOD  FOR 
DETERMINING  BODY  COMPOSITION  OF  CRAYFISH. 
Hakan  Turker  and  Arnold  G.  Eversole,  Department  of  Aqua- 
culture.  Fisheries  and  Wildlife,  Clemson  University,  Clemson,  SC 
29634-0362. 

A  nondestructive  method  for  determining  body  composition  by 
measuring  total  body  electrical  conductivity  (TOBEC)  was  evalu- 
ated with  white  river  crayfish  [Procambarus  acutus  acutus).  This 
procedure  is  based  on  the  principle  that  body  lipid  and  lipid-free 
tissues  (lean  body  mass:  LBM)  have  different  electrical  properties. 
Relationships  between  TOBEC  and  LBM,  lipid,  protein,  water  and 
ash  were  examined  with  36  male  and  36  female  crayfish  ranging 
from  82  to  122  mm  total  length  (TL)  and  16.6  to  67.1  g  body 
weight  (BW). 

Significant  relationship  was  observed  with  TOBEC  and  BW  to 
LBM  (r^  =  0.99)  whereas  BW,  TL  or  a  combination  of  these 
variables  were  significantly  correlated  with  protein  (r"  =  0.91), 
ash  (r^  =  0.90)  and  water  (r^  =  0.97).  Correlation  coefficient  (r^ 
=  0.65)  was  the  lowest  with  TOBEC  and  BW  to  lipid.  Analysis  of 
an  independent  group  of  8  male  and  8  female  crayfish  demon- 
strated that  TOBEC  and  BW  jointly  were  reliable  indicators  of 
LBM. 

Significant  differences  in  LBM,  lipid  and  ash  were  observed 
between  male  and  female  white  river  crayfish.  Relative  body  com- 
position of  a  standard-size  crayfish  on  a  dry-weight  basis  was 
13.5%  lipid,  37.5%  ash  and  49.0%  protein  for  a  female  whereas 
males  had  7.3%  lipid,  -M.8%  ash  and  47.8%  protein.  This  presen- 
tation will  outline  some  of  the  limitations  of  using  TOBEC  to 


estimate  lipid  or  condition  in  crayfish  and  discuss  the  difference  in 
body  composition  between  crayfish  sexes. 

Funding  was  provided  by  the  Aquaculture  Research  Innovative 
of  S.C.  Agricultural  Experiment  Station  and  the  Turkish  govern- 
ment. 

A  NOVEL  AND  RAPID  ASSAY  TO  ASSESS  THE  ABILITY 
OF  OYSTER  [CRASSOSTREA  VIRGINICA)  HEMOCYTES 
TO  KILL  VIBRIO  PARAHAEMOLYTICUS,  A  PATHO- 
GENIC BACTERIUM,  USING  A  TETRAZOLIUM  DYE  RE- 
DUCTION. Aswani  K.  Volety,  Leah  M.  Oliver,  Frederick  J. 
Genthner,  and  William  S.  Fisher,  National  Research  Council, 
U.S.  Environmental  Protection  Agency,  National  Health  and  En- 
vironmental Effects  Research  Laboratory,  Gulf  Ecology  Division, 
I  Sabine  Island  Drive,  Gulf  Breeze,  FL  32561-5299. 

Hemocytes  form  the  primary  line  of  defense  in  oysters  against 
infectious  organisms.  Various  indicators  of  the  ability  of  oysters  to 
generate  an  immune  response  against  pathogenic  and  nonpatho- 
genic organisms,  such  as  phagocytosis,  chemotaxis,  chemilumi- 
nescence,  cell  viability,  and  cellular  migration  have  been  devel- 
oped. However,  while  most  of  these  immunomarkers  indicate  dif- 
ferent cellular  functions,  their  relationship  to  the  defense  of  the 
organism  is  unclear. 

We  developed  an  assay  to  assess  the  ability  of  oyster,  Cras- 
sostrea  virginica.  hemocytes  to  kill  the  pathogenic  bacterium. 
Vibrio  parahaemolyticus.  using  a  tetrazolium  compound,  MTS  (3- 
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulfophenyl)-2H-tetrazolium).  MTS,  in  the  presence  of  phenazine 
methosulfate  (PMS).  is  reduced  by  living  bacterial  cells  in  propor- 
tion to  their  numbers,  to  yield  a  water  soluble  formazan  product 
which  can  be  measured  colorimetrically.  The  killing  index  assay 
proposed  here  allows  the  quantification  of  immunocompetence  of 
oysters  against  a  model  organism,  V.  parahaemolyticus. 

A  streptomycin-resistant  strain  of  V.  parahaemolyticus  was  de- 
veloped using  a  spontaneous  mutation  in  order  to  reduce  interfer- 
ence of  exogenous  bacteria  in  the  assay.  The  assay  involves:  I ) 
exposure  of  oyster  hemocytes  to  V.  parahaemolyticus  (1:10  chal- 
lenge ratio)  for  3  hrs  in  a  96- well  plate  at  I7°C  in  streptomycin- 
augmented  (sm*)  sea  water  (200  |xg/ml):  2)  growout  of  the  viable 
bacteria  in  nutrient  broth  (sm*)  at  25-37°C  for  2-3  hrs;  3)  addition 
of  MTS/PMS;  and  4)  measurement  of  MTS/PMS  reduction  prod- 
uct (formazan)  at  490  nm  using  a  microplate  reader.  Controls  are 
comprised  of  sea  water  and  hemocytes  in  sea  water.  The  killing 
index  is  based  on  dye  reduction  by  hemocyte-exposed  bacteria 
versus  un-exposed  bacteria.  This  assay  has  advantages  over  other 
tetrazolium-based  assays,  e.g.,  MTT,  in  the  rapidity  of  color  de- 
velopment, elimination  of  solubilization  and  extraction  of  forma- 
zan deposits,  longer  storage  of  the  MTS/PMS  reagent,  and  greater 
sensitivity  compared  with  traditional  plate-counting  methods. 

Preliminary  studies  suggest  that  geographical  differences  in 
killing  ability  of  bacteria  by  oyster  hemocytes  exist  and  that  sea- 
sonal factors  such  as  temperature,  salinity,  nutrition,  and  gameto- 
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genesis  may  modulate  the  killing  index  of  oysters.  This  assay  is 
attractive  due  to  the  rapidity  and  precision;  requirement  of  low 
volume  of  plasma  and  number  of  hemocytes;  absence  of  radioiso- 
topes, and  it  may  potentially  be  employed  to  assess  affects  ot 
environmental  and  pollutant  stress  on  the  defense  capabilities  of 
oysters. 

CONNECTICUT'S  OYSTER  FARMING  INDUSTRY.  John 
H.  Volk,  Connecticut  Department  of  Agriculture,  Bureau  of  Aqua- 
culture  and  Laboratory.  P.O.  Box  97,  Milford,  Connecticut  06460. 

Oyster  fanning  has  been  an  important  Connecticut  industry  for 
more  than  a  century.  Peak  industry  harvests  occurred  during  the 
I890"s.  During  that  time,  more  than  2,000  Connecticut  citizens 
were  employed  by  600  firms  and  annual  harvests  approached  2 
million  bushels.  Connecticut  could  boast  as  having  the  largest  fleet 
of  steam-powered  oyster  vessels  in  the  world.  Connecticut  was 
also  the  leading  producer  of  seed  oysters  in  the  northeast;  supply- 
ing the  New  York.  Rhode  Island  and  Massachusetts  industry  with 
oyster  seedlings.  After  World  War  I,  the  industry  went  into  steady 
decline  and  nearly  died  out  by  the  early  1970"s.  The  primary  cause 
of  decline  was  pollution  resulting  in  oyster  harvest  prohibitions, 
loss  of  market,  reduced  production  and  lack  of  seedlings.  By  1972, 
Connecticut  harvest  levels  were  less  than  33,000  bushels.  As  water 
quality  began  to  iinprove.  so  did  the  oyster  industry.  With  a  few 
farming  operations  still  in  place,  the  industry  began  rebuilding 
itself. 

The  Connecticut  Department  of  Agriculture  leases  shellfish 
grounds  through  competitive  bids.  This  program  permits  oyster 
fanners  to  obtain  underwater  lands  for  planting,  cultivating  and 
harvesting  their  crops.  Presently,  more  than  46,000  acres  are 
fanned  by  the  industry.  Through  sound  farming  techniques  such  as 
the  removal  of  silt,  cultivation,  planting  of  shell  (cultch),  trans- 
planting seed  and  predator  control,  Connecticut  shellfish  farmers 
have  significantly  increased  their  yields  per  acre  and  produce  an 
oyster  famous  nationally  for  its  consistent  size,  shape,  flavor,  har- 
diness and  quality.  Annual  harvests  now  exceed  700,000  bushels 
valued  at  more  than  $40  million  wholesale.  Oysters  are  farmed  by 
32  firms  on  leases  and  grants  off  the  Conneclicul  coastline  in  Long 
Island  Sound  utilizing  extensive  bottom  culture  methods.  These 
firms  employ  approximately  400  and  operate  71  vessels.  Oyster 
seed  is  obtained  by  the  firms  through  planting  cultch  (shell)  on 
their  leases  and  grants  or  by  purchasing  seedlings  harvested  by 
seed  oystermen  licensed  to  work  the  public  grounds.  There  are 
approximately  125  seed  oystermen  operating  77  boats. 

The  recent  explosive  growth  and  success  of  Connecticut's  oys- 
ter farming  business  are  primarily  due  to  a  cooperative  effort  be- 
tween State  government  and  the  oyster  industry.  In  1987,  the  State 
Legislature  established  a  program  within  the  Department  of  Agri- 
culture to  purchase  cultch  for  planting  on  the  State's  public  seed 
oyster  beds.  The  cultch  is  distributed  and  planted  by  boats  and 
volunteers  from  the  oyster  industry.  The  program  was  established 
with  an  initial  bond  authorization  of  $1.3  million  in  1987.  Subse- 


quently, an  additional  $5  million  was  bonded  over  the  past  several 
years.  In  addition  to  the  bond  authorizations,  the  oystermen  har- 
vesting seed  from  the  restoration  area  pay  a  ten  percent  assessment 
on  the  sale  value  of  their  harvest  to  help  sustain  the  program.  The 
State  has  invested  a  modest  amount  of  funds  towards  managing 
and  improving  its  natural  shellfish  resources  and  reaped  huge  re- 
wards in  terms  of  jobs  and  revenues  that  exceed  their  investment 
many  times  over. 

MANIPULATION  OF  FOOD  AND  PHOTOPERIOD  PRO- 
MOTES OUT-OF-SEASON  GAMETOGENESIS  IN  THE 
GREEN  SEA  URCHIN.  STRONGYLOCENTROTUS  DROE- 
BACHIENSIS:  IMPLICATIONS  FOR  LAND-BASED 
AQUACULTURE.  Charles  W.  Walker  and  Michael  P.  Lesser, 
Department  of  Zoology  and  Center  for  Marine  Biology,  University 
of  New  Hampshire.  Durham,  New  Hampshire  03824. 

In  this  study,  we  have  produced  green  sea  urchins  (Stnmgylo- 
ceiitroiiis  cimebacliiensix  OF  Miiller)  in  which  gametogenesis  and 
large  gonad  size  occurred  earlier  in  the  year  than  normal.  This  was 
accomplished  by  providing  urchins  with  an  abundant  supply  of 
pellitized  food  prior  to  and  during  gametogenesis  and  by  prema- 
ture exposure  to  autumn  photoperiod.  Llrchins  were  collected  in 
February.  1995  from  new  Hampshire  waters  and  were  maintauied 
for  7  months  in  a  land-based  facility  under  artificial  illumination. 
For  the  first  2  months,  urchins  were  held  under  summer  photope- 
riod and  were  fed  a  commercially  available  food.  These  urchins 
showed  a  significant  increase  in  the  size  of  their  gonads  (gonad 
index.  GI  3=  25%)  compared  with  urchins  collected  concurrently 
from  the  field  (01  =  10-15%).  Stereological  and  histological 
examination  of  gonads  during  this  time  indicated  that  the  increase 
in  size  resulted  from  growth  of  nutritive  phagocytes,  which  are 
somatic  nutrient  storage  cells  In  the  germinal  epithelium.  Sper- 
matogonial  or  oogonial  mitoses  were  not  observed.  Urchins  fed  in 
this  way  were  then  exposed  to  autumn  photoperiod,  an  environ- 
mental cue  correlated  with  initiation  of  gametogenesis  in  many 
shallow  water  echinoderms.  In  male  urchins,  spermatogonial  mi- 
tosis and  normal  spermatogenesis  occurred  prematurely.  In  female 
urchins,  oogonial  mitosis  and  subsequent  vitellogenesis  also  oc- 
curred prematurely,  although  resulting  primary  oocytes  did  not 
reach  full-size.  In  experimental  urchins  of  both  sexes,  growth  of 
nutritive  phagocytes  and  gametogenesis  resulted  in  gonad  indices 
of  25-30%.  Throughout  this  study,  there  was  no  significant  in- 
crease in  the  size  of  the  test  of  any  experimental  urchin.  This  is  the 
first  study  to  couple  experimental  manipulation  of  reproduction  in 
sea  urchins  with  stereological  and  histological  analysis  of  game- 
togenesis. Our  results  show  that  green  sea  urchins  fed  an  abundant 
supply  of  food  and  treated  prematurely  with  autumn  photoperiod, 
will  initiate  gonial  cell  mitosis  and  will  undergo  an  additional 
gametogenic  cycle  in  the  same  year.  We  discuss  the  implications 
of  our  results  to  understanding  sea  urchin  gametogenesis  and  also 
to  land-based  aquaculture  of  the  green  and  other  sea  urchins.  Sup- 
ported by  Sea  Grant. 
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SIMPLK  PROCESS-CONTROL  RETRO-FITS  FOR  MI- 
CROALGAL  MASS-CULTURE  TANKS.  Gary  H.  VVikfors 
and  Barry  C.  Smith,  NOAA,  National  Marine  Fisheries  Service. 
Northeast  Fisheries  Science  Center.  Milford.  CT  06460. 

Future  microalgal  culture  systems  may  appear  very  different 
from  the  tubes,  bags,  and  tanks  currently  used  in  most  shellfish  and 
tmfish  hatcheries.  The  potential  to  apply  mechanical,  chemical, 
and  biological  engineering  principles  to  algal  culture  systeins  of- 
fers great  promise  for  highly  efficient,  integrated  systems.  But 
what  about  the  hundreds  of  small-to-medium  sized  hatcheries  with 
existing  microalgal  culture  containers'.^  What  do  developments  in 
contemporary  process-control  technology  have  to  offer  the  exist- 
ing farmer  who.  often  reluctantly,  must  culture  live  algal  feeds' 

Our  laboratory  recently  completed  construction  on  a  330  nr 
facility,  the  Greenhouse  for  Research  on  Algal  Mass  Production 
Systeins  (GRAMPS).  designed  to  test  the  application  of  auto- 
mated, process-control  principles  to  algal-culture  containers  famil- 
iar to  aquaculturists — 5001  tubular  tanks  (3  m  tall  x  0.5  m  diain- 
eter)  and  20,000  1  oval,  flat  tanks  (4  m  x  2.5  m  x  1  m  deep). 
Automated  processes  under  evaluation  at  present  include  the  fol- 
lowing; 

1)  Use  of  venturi  eductors  to  mix  concentrated  nutrients  mto 
seawater  during  tank  filling. 

2)  Level  switches  to  automatically  refill  cultures  during  semi- 
continuous  operation. 

3)  pll-control  loops  to  inject  carbon  dioxide  into  cultures  as 
needed  to  keep  pace  with  photosynthetic  uptake. 

4)  Control  of  artificial  lights  to  supplement  sunlight  when 
daily  photosynthetically-available  illununation  totals  fall 
short  of  production  needs. 

5)  Cooling  with  thermostat-activated  freshwater  misting. 
Any  of  these  automation  options  can  be  retro-fitted  to  existing 

microalgal-culture  systems,  thereby  reducing  labor  and  improving 
reliability  under  the  variable  conditions  of  natural  sunlight.  Theo- 
retical bases  of  these  control  options,  progress  on  their  critical 
evaluation,  and  practical  information  on  operating  parameters,  will 
be  presented. 

ABALONE  FARMING  IN  VARIOUS  COUNTRIES:  A  PER- 
SPECTIVE. Douglas  VVilkerson,  FISHTECH.  Inc..  1750  Mont- 
gomery Street,  San  Francisco,  CA  941 1 1. 

Worldwide  interest  in  culturing  the  abalone.  Haliotis  spp.,  is 
being  driven  by  continuing  improvements  in  land-based  and  ocean 
farming  technologies,  as  well  as  limitations  in  current  supplies  and 
a  high  market  value  for  its  products.  Many  countries  currently 
have,  or  are  developing  projects  to  farm  one  or  more  abalone 
species.  A  perspective  developed  through  technology  consulting  in 
the  field  of  abalone  aquaculture  is  discussed  for  China.  Taiwan. 
Japan.  Australia.  New  Zealand.  Peru,  Argentina,  Canada.  Ireland, 
Green,  and  Israel.  General  project  locations,  types  of  culturing 
methodologies,  equipment  used,  production  outputs  in  terms  of 
"seed"  abalone  (mean  shell  size  5-10  mm)  and  market  abalone 
(mean  shell  size  70-100  mm),  as  well  as  labor  types  are  part  of  the 


discussion.  A  conclusion  from  this  overview  perspective  suggests 
that  abalone  farming  activities  are  growing  significantly  in  many 
countries,  and  that  the  industry  is  well  on  its  way  to  being  solidly 
established  worldwide. 


CRITERIA  FOR  THE  DESIGN  AND  EVALUATION  OF 
PHOTOBIOREACTORS  FOR  THE  PRODUCTION  OF  MI- 
CROALGAE.  Loy  Wilkinson,  Coastal  BioMarine.  Bridgewater, 
CT  06752  USA. 

A  useful  analytical  method  for  the  design  of  commercial  pho- 
tobioreactors  does  not  exist  as  it  does  for  chemical  reactors  and  for 
heterotrophic  bioreactors.  The  complications  of  a  variable  light 
field  within  the  vessel  and  the  existence  of  a  variable  life  form 
overwhelm  the  classical  analytical  approaches;  however,  the 
chemical  engmeering.  ecological  and  biological  literature  do  pro- 
vide practical  bases  for  dealing  with  the  essential  issues  of  rate  and 
yield.  These  practical  bases  are  the  focus  of  discussion  for  the 
photoautotrophic  reaction  of  light,  carbon  dioxide,  water,  and  nu- 
trients to  produce  algae. 

The  relative  costs  of  light,  carbon  dioxide,  nutrients,  and  mis- 
cellaneous energy  use  is  presented,  and  the  predominating  effect  of 
light-related  costs  is  demonstrated  in  quantitative  terms.  Light  uti- 
lization and  light  yield  are,  therefore,  the  emphasis  in  the  treatment 
of  yield  factors.  Theoretical  limits  of  light  efficiency  and  an  evalu- 
ation of  system  losses  for  particular  designs  and  configurations  are 
discussed.  The  relative  economics  of  artificial  light  and  natural 
light  are  presented. 

The  economic  effect  of  reaction  rate  is  presented  in  terms  of  the 
investment  cost  of  a  photobioreactor.  The  effect  of  reactor  con- 
figuration and  the  effects  of  important  operating  characteristics, 
such  as  cell  density,  upon  reaction  rate  is  discussed. 

NOVEL  GONADAL  PARASITES  IN  THE  EASTERN  OYS- 
TER CRASSOSTREA  VIRGINICA  FROM  TWO  GULF  OF 
MEXICO  BAYS.  James  T.  Winstead.  Robin  M.  Overstreet, 
and  Lee  A.  Courtney,  United  States  Environmental  Protection 
Agency.  National  Health  and  Environmental  Effects  Laboratory, 
Gulf  Ecology  Division.  1  Sabine  Island  Drive.  Gulf  Breeze.  FL 
32561. 

Histological  examination  of  the  eastern  oyster  {Crassostrea  vir- 
ginica)  from  Apalachicola  and  Tampa  Bays,  Florida  revealed  two 
gonadal  parasites  previously  unreported  from  the  respective  estu- 
aries. Each  case  is  similar  to  organisms  reported  in  C.  virginica 
from  distant  locations.  In  the  first  case,  a  germinal  papillomavirus 
was  found  in  2  of  160  ( 1 .25%)  oysters  collected  from  Apalachicola 
Bay  during  1996.  The  infection  was  associated  with  abnormally 
large  basophilic  ova  measuring  up  to  500  |j.m  in  diameter.  Hyper- 
trophied  ova  had  scant  cytoplasm  and  granular  nuclear-inclusions 
that  stained  Feulgen-positive  indicating  the  presence  of  DNA.  Ul- 
trastructural  examination  of  reclaimed  paraffin-embedded  tissue 
revealed  non-enveloped,  icosahedral  viruses  ranging  from  43  to  52 
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nm  in  size.  No  pathologic  host-response  was  noted.  This  case  is 
similar  to  ovacystis,  a  germinal  papillomavirus  disease  reported  in 
C.  virginica  from  the  Piscataqua  River.  Maine  and  Long  Island. 
New  York. 

The  second  case  of  gonadal  parasite  involved  an  unidentified 
digenetic  trematode  found  in  90%  of  C.  virginica  collected  at 
Piney  Point  in  Tampa  Bay  during  1992.  Oral  spines  and  other 
features  clearly  reveal  the  digenean  to  be  a  member  of  the  family 
Echinostomatidae.  Encysted  metacercariae  of  this  worm  occurred 
in  large  numbers  in  the  gonoducts  of  affected  oysters.  The  parasite 


elicited  a  host  response  around  many  cysts,  and  in  some  cases,  it 
appeared  the  parasites  were  being  phagocytosed  and  destroyed  by 
oyster  hemocytes.  However,  no  significant  damage  to  host  tissue 
or  gametes  was  noted.  Some  metacercariae  fed  to  chicks  and  duck- 
lings developed  into  immature  worms,  but  none  matured  8  days 
after  feeding.  Histological  examination  of  oysters  held  in  flow- 
through  water  for  one  year  revealed  70%  prevalence  of  living 
encysted  trematodes.  Heavy  infestations  of  a  different  echinostome 
metacercariae  were  reported  in  100%  of  C.  virginica  collected 
from  Port  Isabel,  Texas  in  1966. 
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OVERVIEW,  18TH  MILFORD  AQUACULTURE  SEMINAR 

Walter  J.  Blogoslawski,  U.S.  Department  ot  Commerce.  National 
Oceanic  and  Atmo.spheric  Administration.  National  Marine  Fisii- 
eries  Service,  Northeast  Fisheries  Science  Center.  Milford  Labo- 
ratory. 212  Rogers  Avenue.  Milford.  CT  06460 

The  1 8th  Milford  Aquacuiture  Seminar  attracted  over  46  speak- 
ers whose  topics  included  shellfish  diseases  and  their  effects  on  the 
local  industry,  new  techniques  used  in  remote  setting  of  oysters. 
the  concept  of  "shellfish  gardening",  the  use  of  algae  to  enhance 
growth  rates  of  shellfish,  macroalgal  biofilters  in  recirculating  sys- 
tems, some  international  experiences  in  shellfish  aquacuiture  and 
information  concerning  safety  measures  related  to  Hazard  Analy- 
sis Critical  Control  Points  (HACCP).  The  173  attendees  from  the 
US,  Canada,  and  the  Peoples  Republic  of  China  met  in  formal  and 
informal  sessions  to  discuss  the  recent  problems  in  the  aquacuiture 
industry  and  to  share  potential  solutions.  The  cooperation  exhib- 
ited at  the  meeting  highlighted  the  ability  of  persons  shanng  the 
same  concerns  to  work  together  for  acceptable  resolutions  of  their 
common  problems. 

Attendees  representing  45  public  and  private  shellfish  and  tln- 
fish-aquaculture  industry  ventures  were  joined  by  persons  from  25 
educational  institutions  and  1 8  state  and  federal  government  agen- 
cies to  exchange  ideas  and  experiences  in  developing  aquacuiture 
technology. 

The  sponsorship  of  this  seminar  included  the  LInited  States 
Department  of  Commerce,  National  Marine  Fisheries  Service, 
Milford  Laboratory,  Milford,  CT  and  the  US  Department  of  Ag- 
riculture. Northeastern  Regional  Aquacuiture  Center  in  North 
Dartmouth.  MA.  Their  support  is  gratefully  acknowledged. 


synchronization  of  metamorphosis,  effects  of  temperature  and  sa- 
linity on  early  Juvenile  growth,  and  development  of  economic 
models  for  production,  along  with  an  extension  and  outreach  com- 
ponent. Sea  Grant  also  funded  a  project  at  UNH  to  study  the 
microbiological  organisms  found  in  a  commercial  scale  hatchery 
(GreatBay  Aquafarms).  The  Northeastern  Regional  Aquacuiture 
Center  (NRAC)  has  also  funded  a  consortium  of  four  universities 
(LIRI.  UNH.  University  of  Connecticut,  and  Cornell  Cooperative 
Extension)  to  work  with  three  industrial  partners  (GBA,  MT.  and 
VGSF)  to  study  both  hatchery  and  grow-out  problems  and  to  con- 
duct an  outreach  program.  Specifically,  the  NRAC  studies  include: 
a)  determination  of  optimal  larval  stocking  densities  for  "green- 
water"  rearing,  b)  comparison  of  spawning  induction  using  envi- 
ronmental cues  only  vs.  hormonal  injections,  c)  determination  of 
optimal  protein  level  for  weaning  diets,  d)  determination  of  opti- 
mal protein,  lipid,  and  calorie:protein  ratios  for  grow-out  diets,  and 
e)  comparison  of  survival,  growth,  behavior  and  health  of  summer 
flounder  in  net  pen  vs.  recirculation  grow-out  systems.  The  NRAC 
outreach  program  will  include  production  of  NRAC  Fact  Sheets 
and  the  holding  of  a  workshop  for  industry  after  the  research  is 
completed.  Finally,  the  Ocean  Technology  Center  at  URI  is  fund- 
ing research  on  optimal  diet  formulations  and  optimal  stocking 
densities  for  grow-out. 

New  Sea  Grant-funded  research  projects  that  are  scheduled  to 
start  in  March,  1998,  include  the  genetic  analysis  and  selection  of 
broodstock  fish  by  UNH  (in  association  with  GBA)  and  the  con- 
tinued study  of  larval  and  early  juvenile  growth  by  URI,  including 
a)  the  energetics  behind  rapid  growth,  b)  the  relationship  between 
low-salinity  tolerance  and  growth,  and  c)  the  residency  time  of 
exogenous  thyroid  hormone  in  embryos  and  larvae. 


SUMMER  FLOUNDER:  AN  UPDATE  ON  REGIONAL  RE- 
SEARCH AND  INDUSTRY  DEVELOPMENT.  David  A. 
Bengtson,  University  of  Rhode  Island,  Department  of  Fisheries, 
Animal  and  Veterinary  Science,  Kingston.  RI  02881. 

The  summer  flounder  industry  in  the  Northeast  has  begun. 
GreatBay  Aquafarms  (GBA)in  Portsmouth.  NH  has  been  conduct- 
ing hatchery  operations  since  eariy  1996  and  is  currently  experi- 
menting with  recirculation  system  grow-out.  Mariculture  Tech- 
nologies (MT)  in  Greenport.  NY  conducted  grow-out  operations  in 
net  pens  during  1997.  Trio  Algarvio  of  New  Bedford.  MA  began 
grow-out  operations  in  a  recirculation  system  and  VG  Sea  Farms 
(VGSF)  of  North  Kingston.  RI  completed  construction  of  its  re- 
circulation grow-out  facilities  during  the  past  year.  Aquafuture 
Flounder  will  begin  its  hatchery  operations  in  the  near  future. 
Industry  development  has  been  aided  by  funding  from  the  National 
Marine  Fisheries  Service's  Northeast  Fishing  Industry  Grant  pro- 
gram. 

A  substantial  increase  in  summer  flounder  research  has  also 
occurred  in  response  to  the  developing  industry.  Sea  Grant  funded 
a  cluster  of  research  projects  at  URI  to  examine  causes  of  larval 
mortality,  effects  of  environmental  and  hormonal  influences  on 


INITIAL  REPORT  ON  AQUACULTURE  OF  BLACK  SEA 
BASS  (CENTROPRISTES  STRIATUS).  David  Berlinsky, 
Mark  Watson,  and  Terry  Bradley,  University  of  Rhode  Island. 
Department  of  Fisheries.  Animal  and  Veterinary  Science.  Kings- 
ton. RI  02881. 

Our  initial  attempts  to  culture  black  sea  bass  have  focussed  on 
collection  and  spawning  of  broodstock  and  culture  of  larvae.  For 
these  studies  black  bass  broodstock  were  collected  by  local  com- 
mercial fishermen  using  three  methods  of  capture:  pots,  floating 
pound  nets,  or  hook  and  line.  Fish  captured  by  all  three  methods 
were  typically  in  good  health  with  few  abrasions  or  capture 
wounds.  Initially,  the  fish  were  fed  a  diet  of  fresh  or  frozen  fish, 
minced  clams  or  squid  but  within  several  weeks  were  weaned  to  a 
commercial  diet  formulated  for  marine  finfish.  Several  fish  were  in 
spawning  condition  at  the  time  of  capture  and  were  manually 
spawned.  The  stage  of  reproductive  development  in  the  remaining 
fish  was  assessed  by  catheterization.  Twelve  individuals  were 
spawned  at  URI  and  the  resultant  larvae  used  to  assess  conditions 
for  larviculture. 

Larvae  were  cultured  using  either  clear  or  green  water  (culture 
water  supplemented  with  a  high  concentration  of  algae)  and  at  two 
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temperatures:  18  and  22°C.  The  results  of  this  study  clearly  indi- 
cate that  larval  survival  and  growth  is  significantly  enhanced  by 
green  water.  Growth  rate  was  superior  at  22°C.  suggesting  that  the 
fish  could  likely  tolerate  even  higher  rearing  temperatures.  Fish 
were  collected  at  regular  intervals  throughout  the  study  and  vid- 
eotaped for  determination  of  size  and  growth  rate.  Additionally, 
larvae  were  reared  at  three  densities  to  ascertain  levels  supporting 
ma.ximum  survival  and  growth.  Initial  densities  of  larvae  were  set 
at  60,  .30  or  15  larvae/liter  and  survival  and  growth  were  measured 
at  the  temiination  of  the  experiment  6  weeks  later.  Finally,  pre- 
liminary larval  feeding  trials  were  conducted.  Larvae  were  offered 
algae  fed  rotifers  enriched  with  DHA  Seico"''  for  9-15  days 
followed  by  enriched  artemia.  The  fish  were  readily  weaned  to  a 
formulated  marine  finfish  larval  feed  and  will  be  used  in  a  variety 
of  studies  to  assess  additional  culture  parameters. 

This  research  was  supported  by  Award  No.  NA76FD0143  to  T. 
Bradley  and  D.  Berlinsky  from  the  Saltonstall-Kennedy  Grant  Pro- 
eram  of  the  National  Marine  Fisheries  Service. 


USE  OF  ANTIMICROBIALS  TO  INVESTIGATE  THE 
ETIOLOGICAL  AGENT  OF  JOD  IN  CRASSOSTREA  VIR- 
GINICA.  Katherine  J.  Boettcher  and  Bruce  J.  Barber,  School 
of  Marine  Sciences.  University  of  Maine,  Orono,  ME  04469 

Since  1988,  Juvenile  Oyster  Disease  (JOD)  has  resulted  in  high 
seasonal  losses  of  cultured  American  oysters  [Crassostrea  vir- 
ginica)  in  the  Northeast.  Although  the  cause  of  JOD  remains  un- 
known, most  evidence  is  consistent  with  either  a  bacterial  or  pro- 
tistan  etiology.  For  the  purpose  of  discerning  between  these  hy- 
potheses, the  antibacterial  antibiotics  norlloxacin  and  Romet-B 
(sulfadimethoxine;  ormetoprim)  were  tested  for  their  ability  to 
reduce  and/or  delay  the  onset  of  mortalities  of  cultured  juvenile  C. 
riri;inka.  A  total  of  approximately  90(10  five-week  old  C.  vir- 
i^inicii  seed  was  obtained  from  a  local  hatchery  and  divided  into 
three  experimental  groups.  Each  group  consisted  of  three  replicate 
sets  of  approxi[iiately  1000  animals  that  were  exposed  to  either 
norfloxacin,  Romet-B,  or  filter-sterilized  .seawater  (FSSW)  for 
three  hours.  Each  set  of  animals  was  then  partitioned  equally  into 
two  window-screen  mesh  bags:  one  bag  was  designated  "single 
treatment"  and  the  other,  "repeat  treatment".  The  bags  were  de- 
ployed into  floating  trays  on  the  Damariscolla  river,  ME,  at  a 
commercial  lease  site  on  July  17,  1997.  Each  week  thereafter,  the 
bags  were  remiwed  from  the  trays,  and  animals  in  the  "repeat 
treatment"  groups  were  reexposed  to  the  corresponding  treatment 
of  either  norfloxacin.  Romet-B,  or  FSSW.  Annuals  in  the  "single 
treatment"  trays  did  not  receive  further  treatment  after  the  initial 
exposure,  and  were  immersed  in  flowing  seawater  tanks  at  the 
Darling  Marine  Center  (Walpole,  ME)  on  these  dates.  No  signifi- 
cant differences  in  growth  rates  were  observed  among  the  treat- 
meiii  iiroups.  which  indicates  that  treatment  with  antibiotics  did 
not  adver.sely  affect  the  animals'  health.  JOD-atlnbulable  mortali- 


ties were  observed  beginning  on  or  about  August  27.  Peak  mor- 
talities in  all  "single  treatment"  groups  occuired  during  the  next 
two  weeks,  while  mortalities  in  the  "repeat  treatment"  groups 
were  delayed  (compared  to  the  "single  treatment"  groups)  by  one 
to  three  weeks.  Cumulative  mortalities  in  the  "single  treatment" 
groups  were  77%,  84%,  and  82%  for  the  norfloxacin,  Romet-B, 
and  FSSW  groups,  respectively.  Similarly.  81%  of  the  animals  in 
the  FSSW  "repeat  treatment"  group  died  from  the  disease.  How- 
ever, weekly  treatments  with  either  norfloxacin  or  Romet-B  re- 
sulted in  a  statistically  significant  reduction  in  cumulative  mortali- 
ties (35%  and  67%  respectively).  Bacteriological  analyses  revealed 
that  those  animals  with  obvious  JOD-signs  harbored  greater  total 
bacterial  populations  of  lower  species  diversity  than  healthy  ani- 
mals which  generally  had  low  total  bacterial  numbers  with  higher 
species  diversity.  These  results  provide  additional  support  for  the 
hypothesis  that  JOD  has  a  bacterial  etiology. 


A  COMPREHENSIVE  SURVEY  OF  LONG  ISLAND 
SOUND  OYSTERS  FOR  THE  PRESENCE  OF  PERKINSUS 
MARINUS  (DERMO).  Diane  J.  Brou.sseau,  Jennifer  C. 
Guedes,  Cynthia  A.  Lakatos,  Gary  R.  LeCleir,  and  Robert  L. 
Pinsonneault,  Fairfield  University,  Biology  Department.  Fair- 
field, CT  06430. 

Oy.sters  were  collected  from  27  locations  throughout  Long  Is- 
land Sound  during  the  summer  and  early  fall  of  1 997  to  determine 
the  prevalence  and  intensity  of  Perkinsus  nuiriiuis.  The  region 
sampled  was  divided  into  three  zones  based  on  latitude:  Zone  1 
(sampling  sites  in  the  towns  of  Oyster  Bay  and  Mt.  Sinai  in  NY 
and  Greenwich,  Stamford,  East  Norwalk,  Westport,  Southport, 
Fairfield,  Bridgeport  and  Stratford  in  CT);  Zone  2  (sampling  sites 
in  the  towns  of  Milford,  West  Haven,  East  Haven,  Branford.  Madi- 
son, Westbrook  and  Old  Saybrook,  CT)  and  Zone  3  (sampling  sites 
in  the  towns  of  Waterford,  Stonington  and  Pawcatuck,  CT).  The 
Ray  Fluid  Thioglycollate  assay  was  used  for  P.  nuiriniis  diagnosis 
and  weighted  prevalence  values  were  determined  using  the  Mackin 
Index. 

The  prevalence  data  collected  in  this  study  clearly  show  that 
Perkinsus  mariiuis  disease  (Dermo)  has  become  well-established 
in  many  oyster  populations  in  Long  Island  Sound.  Demio  "hot 
spots"  were  found  along  the  Connecticut  shore  at  both  the  western 
and  eastern  ends  of  the  Sound  (Zones  I  and  3).  In  sharp  contrast, 
the  overwhelming  majority  (80%)  of  the  adult  oysters  collected 
from  towns  east  of  East  Haven  in  Zone  2,  were  parasite  free. 
Parasite  infections  were  significantly  less  frequent  and  less  intense 
in  the  juvenile  oysters  sampled,  but  again  Dermo  intensity  was 
highest  in  first-year  oysters  from  Zone  I.  Compansons  of  disease 
development  among  adult  and  juvenile  oysters  at  the  Bridgeport 
site  suggest  that  the  frequency  and  intensity  of  P.  iiniriiuis  infec- 
tions among  the  juveniles  does  not  reach  adult  levels  until  they  are 
12-14  months  old. 
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NON-NATIVE  OYSTER  STUDIES  IN  VIRGINIA.  (;ustavo 
W.  C'alvo,  Mark  VV.  Luckenbach,  and  Eugene  M.  Burreson, 

School  of  Marine  Science.  Vnginia  Institute  ol  Marine  Science 
(VIMS).  College  of  William  and  Mary.  P.O.  Box  1346.  Gloucester 
Point.  VA  2.3062. 

To  examine  the  potential  for  using  non-native  oysters  to  revi- 
talize the  oyster  industry  in  Virginia.  VIMS  initiated  intensive  field 
investigations  in  1996  to  evaluate  the  performance  of  Crasso.srrea 
gigas.  In  July  1996.  triploid  non-nati\e  oysters  (C  gigas)  were 
produced  for  VIMS  by  the  Haskin  Shellfish  Research  Laboratory 
of  Rutgers  University.  Triploid  oysters  are  reproductively  sterile 
and  allow  for  testing  a  non-native  species  without  risks  of  unin- 
tentionally introducing  their  offspring.  In  May  1997.  600  non- 
natise  triploid  C.  gigas  (mean  size  =  19  mm)  and  600  native 
tnploid  C  virginica  (mean  size  =  32  mm)  were  deployed  next  to 
each  other  in  safeguarded  mesh  containers  at  each  of  9  sites  cov- 
ering a  range  of  salinity  within  Chesapeake  Bay  and  Atlantic  Coast 
waters  of  Virginia.  The  growth,  survival  and  disease  status  of  the 
oysters  is  being  monitored  monthly.  Other  measures  of  oyster 
performance,  with  relevance  for  the  potential  marketability  of  non- 
native  oysters,  include  determination  of  oyster  shell  and  meat 
weight,  condition  indices,  and  the  presence  and  extent  of  shell 
blisters  associated  with  mud-wnrms.  Non-native  oysters  are  being 
examined  during  the  reproductive  season  to  ascertain  that  they 
remain  non-reproductive. 

Results  of  the  study,  through  November  1997.  suggest  that  the 
native  oyster.  C.  virginica  outperforms  the  non-native  oyster.  C. 
gigas.  within  Chesapeake  Bay.  but  that  C.  gigas  outperforms  C. 
virginica  along  the  Atlantic  coast.  Specific  results  were  as  follows. 

1.  At  high  salinity  (>30  ppt)  sites  along  the  Atlantic  coast  C. 
gigas  outperformed  native  oysters  by  all  measures  of  growth,  sur- 
vival, and  disease  susceptibility.  Despite  the  smaller  mean  size  of 
C.  gigas  (19  mm)  compared  to  that  of  C.  virginica  (32  mm)  in 
May.  mean  size  of  C.  gigas  (98  mm)  was  much  larger  than  mean 
size  of  C.  virginica  (75  mm)  in  November.  Perkinstis  nuiriniis 
disease  prevalence  was  high  in  C.  virginica.  but  low  in  C.  gigas  in 
October;  however,  intensity  of  infections  was  low  in  both  groups. 
Thus,  cumulative  mortality  in  November  was  low  in  both  oyster 
groups. 

2.  At  medium  salinity  (15-25  ppt)  sites  in  the  lower  Bay.  per- 
formance of  C.  gigas  was  inferior  to  that  of  C.  virginica.  For  both 
species  there  was  great  variability  in  the  perfomiance  depending 
on  the  deployment  site.  In  November,  when  all  three  medium 
salinity  sites  are  combined,  mean  size  of  C.  gigas  was  58  mm  and 
mean  size  of  C.  virginica  was  70  mm.  Cumulative  mortality  was 
48%  for  C.  gigas  and  32%  for  C.  virginica. 

3.  At  low  salinity  (<15  ppt)  sites  in  the  mid  Bay.  performance 
of  C.  gigas  was  also  inferior  to  that  of  C.  virginica.  In  November. 
when  all  three  low  salinity  sites  are  combined,  mean  size  for  C. 
gigas  was  38  mm  and  mean  size  for  C.  virginica  was  69  mm. 
Cumulative  mortality  was  33%  for  C.  gigas  and  only  7%  for  C. 
virginica. 


The  field  project  will  be  expanded  during  1998  to  include  a 
second  non-native  species.  Crassostrea  riviilaris.  This  species  is 
expected  to  perform  better  than  C.  gigas  in  the  low  to  moderate 
salinities  of  Chesapeake  Bay.  The  C.  gigas  presently  deployed  will 
be  monitored  throughout  1998  and  the  C.  riviilaris  will  be  moni- 
tored during  1998  and  1999.  As  an  aid  to  risk  assessment  evalu- 
ations, laboratory  studies  to  as.sess  .spawning  success  and  larval 
survival  at  various  salinity  regimes  will  be  conducted  for  both 
non-native  species  during  1998  and  1999. 

VARYING  THE  TIMING  OF  OYSTER  SEED  TRANS- 
PLANTS TO  MAXIMIZE  YIELD.  Walter  J.  Canzonier,  Mau 

rice  River  Oyster  Culture  Foundation.  Port  Norris.  NJ  08349;  Su- 
san E.  Ford,  Jesselyn  Gandy.  and  John  N.  Kraeuter,  Rutgers 
University.  Haskin  Shellfish  Research  Laboratory.  Port  Norris.  NJ 
08349. 

In  Delaware  Bay.  since  1991.  the  use  of  traditional  culture 
strategies  for  transplanting  from  lower  salinity  natural  seed  beds  to 
downbay  leased  grounds  has  generally  resulted  in  poor  yields  due 
to  excessive  mortalities  attributable  to  Dernm  {Perkinsns  marinns). 
To  circumvent  mortalities,  the  industry  is  currently  harvesting  for 
direct  market  from  the  natural  seed  beds,  a  practice  that  greatly 
reduces  the  economic  return  due  to  poorer  meat  quality  and  the 
necessity  of  operating  within  regulatory  constraints  w  hich  prevent 
individual  operators  from  appropriately  responding  to  market  de- 
mand. This  economic  development  project,  administered  by  the  NJ 
Dept.  of  Commerce  and  Economic  development,  and  federally 
funded  under  the  North  East  Fisheries  Implementation  Program, 
examined  benefits  of  alternate  planting  strategies,  specifically  seed 
transfer  in  three  atypical  periods:  early  December  1996.  mid- 
February,  and  late  August  in  1997.  with  one  control  group  trans- 
plant made  in  the  typical  late  spring  period  (May  1997).  Seed  lots 
of  about  1000  bushels  for  each  transfer  were  collected  from  an 
intermediate  salinity  bed  having  mostly  two  year  olds  and  a  re- 
siduum (<I0%)  of  older  oysters.  This  population  had  a  fairly  high 
prevalence  (60%  ca.)  of  low  intensity  infections,  with  weighted 
prevalences  (WP)  ranging  from  O.I  (spring)  to  1.3  (fall),  prior  to 
transfer.  Growth,  mortality.  Dermo  levels,  meat  quality  (condition 
index)  were  monitored  in  the  transplants  at  monthly  intervals  dur- 
ing the  growing  season,  up  until  just  before  initiation  of  harvest  in 
mid-December  '97.  Water  quality  parameters  (salinity,  tempera- 
ture. Secchi  turbidity,  suspended  solids,  plant  pigments)  were  de- 
termined monthly  or  more  frequently.  Cumulative  total  (to  18 
Nov. 97)  and  presumed  disease  related  (T/PDR)  mortalities  in  mar- 
ket size  oysters  (>75  mm)  were  greatest  in  the  second  planting 
(33%/31%),  followed  closely  by  the  first  (30%/28%):  the  ' "typical 
season"  plants  (controls)  suffered  intermediate  losses  (23%/19%), 
and  mortalities  were  least  in  the  August  plants  (7%/7%).  Dermo 
prevalence  in  the  plants  increased  rapidly  (ranging  86  to  100%) 
following  a  typical  spring  low  of  about  13%.  and  weighted  preva- 
lence in  all  plantings  reached  levels  (1.4  to  2.3)  that  would  be 
expected  to  cause  mortalities.  There  was  a  rapid,  marked  improve- 
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ment  in  meat  quality  in  all  groups  after  transfer,  the  apparent  best 
gains  being  in  the  late  August  transplants  (dry  meat  CI  =  9.8).  To 
date,  the  first  two  plantings  have  been  partially  harve.sted.  yielding 
425  bushels  of  marketable  oysters  having  a  landed  value  of  about 
$12,000.  On  the  basis  of  the  portion  of  the  harvest  that  was 
shucked  locally,  it  was  estimated  by  the  processor  that  there  wa.s  a 
net  gain  in  dockside  value  of  at  least  $10  per  bushel,  compared 
with  oysters  harvested  directly  from  the  seed  beds.  Those  oysters 
diverted  to  the  shellstock  trade  have  been  purchased  at  the  same 
bushel-equivalent  value  by  two  other  dealers.  On  the  basis  of  the 
preliminary  results,  the  planting  strategy  for  Delaware  Bay  most 
likely  to  produce  the  greatest  yield  in  terms  of  both  surviving 
oysters  and  meat  quality,  and  also  minimize  the  time  to  recovery 
of  funds  invested  in  seed  transplanting,  would  be  to  utilize  a  mid- 
to  late-August  planting  window.  Success  of  this  strategy  would  be 
contingent  upon  havmg  access  to  seed  oysters  close  to  the  accept- 
able size  for  shucking  (>75  mm):  however,  some  slightly  smaller, 
high  quality  oysters  might  be  acceptable  for  diversion  to  a  select 
sector  of  the  shellstock  market.  Good  growth  and  meat  condition 
would  also  depend  on  water  quality,  a  factor  that  does  tend  to  show 
a  considerable  range  of  annual  variation;  however,  water  quality 
parameters  measured  during  the  course  of  this  trial  did  not  indicate 
the  period  to  be  atypical  or  better  than  average. 

BONAMIA  RESEARCH  IN  MAINE:  AN  UPDATE.  Ryan  B. 
Carnegie  and  Bruce  J.  Barber,  School  of  Marine  Sciences,  Uni- 
versity of  Maine,  Orono.  ME  0446'n  and  Daniel  L.  Distel,  De- 
partment of  Biochemistry,  Microbiology,  and  Molecular  Biology. 
University  of  Maine,  Orono,  ME  04469. 

Research  on  Boiuiinia  ostreae  at  the  University  of  Maine  cur- 
rently has  three  foci:  determination  of  the  distribution  and  preva- 
lence of  Bonamia  in  populations  of  Ostrea  edulis:  assessment  of 
the  impact  of  Bonamia  on  O.  edulis  cultured  in  the  Damariscotta 
River:  and  development  of  a  DNA  probe  for  Bonamia. 

Bonamia  is  enzootic  in  Maine  waters  in  the  Damariscotta  River 
and  eastern  Casco  Bay.  However,  while  the  prevalence  of 
Bonamia  (determined  using  standard  histology)  in  wild  Dama- 
riscotta River  oyster  populations  has  fallen  to  nearly  undetectable 
levels,  Bonamia  continues  to  be  moderately  prevalent  in  Casco 
Bay.  Prevalence  in  Gun  Point  Creek  was  |9'/f  in  March  1997,  and 
Bonamia  can  be  detected  there  throughout  the  year.  Regular 
samples  from  Gun  Point  Creek,  Linekin  Bay  (Boothbay  Harbor 
area),  the  Damariscotta  River,  and  other  areas  throughout  Maine 
(such  as  Spinney  Creek,  which  appears  to  remain  Bonamia-ixee) 
continue  to  be  examined. 

Seed  oysters  (N  =  25()0)  were  deployed  in  surface  culture  at 
each  of  two  sites  (one  upriver,  on  a  commercial  lease:  the  other 
downriver,  near  the  Darling  Marine  Center  1  on  the  Damariscotta 
River  in  July  1997,  in  an  effort  to  determine  the  effect  of  Bonamia 
nu  cultured  O.  edalis.  Growth  and  mortality  were  monitored  bi- 
'loiithly.  Growth  was  significantly  greater  at  the  upriver  site,  in 
conjiiuction  with  higher  summer  water  temperatures.  To  date,  no 
mon..iitv  hns  been  observed  at  either  localion. 


The  development  of  a  DNA  probe  for  Bonamia  is  ongoing,  and 
focuses  now  on  the  verification  that  a  single  protistan  sequence 
isolated  from  infected  Damariscotta  River  O.  edidis  indeed  be- 
longs to  B.  ostreae.  The  genetic  similarity  of  Bonamia  from  Maine 
to  that  infecting  Irish  oysters  is  being  determined. 

USING  A  SPECTROPHOTOMETER  TO  DETERMINE 
CELL  CONCENTRATIONS  OF  DICRATERIA  SP. 
(CCMP459).  TETRASELMIS  STRIATA  (PLAT-P)4A'D  TET- 
RASELMIS  CHUI  (PLY429).  Chris  Caufield,  Portledge  High 
School,  Duck  Pond  Road,  Locust  Valley,  NY  11560:  Kim  W. 
Tetrault  and  R.  Michael  Patricio,  Cornell  Cooperative  Exten- 
sion-Suffolk County  Marine  Program,  3690  Cedar  Beach  Road, 
Southold,  NY  11971. 

Algae  cell  counts  generally  take  a  lot  of  time  to  perform  and  are 
fairly  labor  intensive.  Using  the  technology  of  a  spectrophotometer 
along  with  correct  calibration  charts,  this  becomes  easier  and  more 
efficient.  The  objective  of  this  experiment  was  to  create  standard- 
ized charts  of  three  algal  species  using  a  spectrophotometer,  algae 
samples  of  varying  dilutions  and  manual  counting  tools.  The 
method  of  creating  these  charts  began  with  a  manual  algae  cell 
count  using  a  bright-line  hemocytometer  to  obtain  an  accurate  cell 
concentration.  This  sample  of  known  cell  density  was  then  inserted 
into  a  properly  zeroed  Spec-20"^'  set  to  the  appropriate  light  wave- 
length, which  was  also  determined  experimentally.  The  Spec-20'^' 
could  then  return  an  optical  density  value  for  the  sample  inserted 
which  remained  constant  for  algae  of  that  cell  density.  This  was 
repeated  until  an  accurate  calibration  curve  was  determined  for 
each  species.  The  experiments  provided  calibration  curves  for  the 
following  species  of  algae:  Dicrateria  sp.  (CCMP459).  Telrasel- 
mis  striata  (Plat-P).  Tetraselmis  cinii  (PLY429).  These  curves  can 
now  be  used  to  obtain  accurate  cell  counts  on  samples  from  these 
species.  This  ability  is  important  if  algae  counts  are  to  be  used  in 
a  production  hatchery  protocol  for  maintaining  a  precisely  con- 
trolled daily  packed-cell  feeding  ration.  By  simplifying  the  deter- 
mination of  algal  cell  concentration,  a  new  protocol  can  be  used  in 
the  routine  feeding  of  bivalve  larvae  on  a  production  scale.  Utili- 
zation of  a  Spec-20'"  as  a  standard  tool  for  determining  daily  feed 
ration  will  allow  the  hatchery  operator  to  adjust  and  optimize  the 
diet  for  each  stage  of  the  larval  cycle  for  various  bivalve  species, 
a  task  that  was  previously  impractical  due  to  the  time  and  prepa- 
ration required  for  manual  algae  counts. 

OBSERVATIONS  OF  OVERWINTERING  SURVIVAL  OF 
BAY  SCALLOPS  (ARGOPECTEN  IRRADIANS)  IN  LONG 
ISLAND  SOUND.  Joseph  Choronianski,  Sheila  Stiles,  and 
Christopher  Cooper,  USDOC,  NOAA,  National  Marine  Fisher- 
ies Service.  Northeast  Fisheries  Science  Center.  Milford.  CT 
06460. 

It  is  regionally  acknowledged  that  a  major  constraint  to  signifi- 
cant commercial  production  of  bay  scallops  (Argopecten  iiradi- 
ans)  in  Long  island  sound  is  low  overwintering  survival.  While 
lluctuations  ui  abundance  of  natural  populations  are  common,  cy- 
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elieal.  and  expected,  severe  declines  can  contribute  to  heavy  eco- 
nomic losses.  One  strategy  to  overcome  overwintering  loss  is  to 
increase  growth  rate  so  that  a  market-sized  harvestable  .scallop  is 
obtained  prior  to  the  winter.  This  might  be  achieved  by  out-of- 
season  conditioning  which  will  result  in  spawning  early  in  the 
year.  Development  of  genetically  faster-growing  or  more  robust 
scallops  is  another  technology  that  can  be  explored  in  combination 
with  early  spawning. 

To  evaluate  overwinteiing  survival  of  scallops  produced  by  the 
latter  approach,  two  studies  were  initiated.  One  study  involved 
comparison  of  overwintering  survival  in  bay  scallops  from  differ- 
ent genetic  lines  at  three  sites  in  Long  Island  Sound:  Milford. 
Groton.  and  Clinton.  Connecticut.  Scallops  overwintering  at  Mil- 
ford  and  Groton  sites  had  higher  survival  rates  than  Clinton,  pre- 
sumably from  the  moving  of  the  floating  docks  at  the  marina 
where  the  suspended  cages  were  situated. 

The  other  effort  focused  on  overwintering  at  the  Milford  Lab. 
but  with  variations  in  temperature,  site  location,  and  with  scallops 
that  exhibited  different  traits  related  to  size,  shell  color  and  genetic 
line.  In  this  study,  temperature  seemed  to  be  a  major  factor  in 
survival.  The  majority  (97%  I  of  the  scallops  held  at  lOX  survived 
the  4.5  month  study  period,  while  the  scallops  held  at  ambient 
temperatures  at  three  different  sites  at  the  lab  had  survival  rates  of 
about  40  to  60%.  Survival  was  similar  for  striped  and  non-striped 
scallops  from  the  same  inbred  line.  Additional  overwintering  ex- 
periments are  warranted  and  are  in  progress. 

OYSTERS  AS  PROCESSORS  OF  PARTICULATE  OR- 
GANIC NITROGEN:  QUANTITATIVE  AND  QUALITA- 
TIVE ASSESSMENT  OF  INPUTS  AND  OUTPUTS.  Heidi 
Clark,  School  of  Forestry  and  Environmental  Studies,  Yale  Uni- 
versity. New  Haven.  CT  06520;  Gary  H.  Wikfors,  USDOC, 
NCAA.  National  Marine  Fisheries  Service,  Nonheast  Fisheries 
Science  Center,  Milford  Laboratory,  Milford,  CT  06460. 

Cycling  of  nutrients  in  estuaries  may  be  controlled  in  large  part 
by  filter  feeding  bivalves.  Nutrient  cycling  patterns  may  depend, 
however,  upon  which  algal  species  are  available  to  bivalves  at  any 
given  time.  Bivalves  may  feed  selectively,  so  that  certain  particles 
are  ingested  and  digested  while  others  are  rejected  as  pseudofeces. 
Such  selective  feeding  could  affect  the  processing  of  nitrogen  and 
cycling  of  that  nitrogen  in  estuaries  inhabited  by  oysters.  This 
study  was  done  to  enhance  knowledge  of  how  the  oyster,  Cras- 
sostrea  virginica,  processes  microalgal  particulate  organic  nitro- 
gen (PON),  and  whether  the  oyster  processes  PON  differently 
when  fed  a  variety  of  different  algal  types. 

Adult  oysters  were  fed  six  different  algal  species  combined  by 
pairs  (50:50%  by  dry  weight).  Fluorometry,  flow  cytometry,  light 
microscopy,  and  C-H-N  analysis  were  used  to  examine: 

1)  preferential  removal  of  algal  cells  from  the  water  column, 

2)  preferential  ingestion  of  certain  algae  vs.  rejection  as  pseud- 
ofeces, 

3)  digestion  of  ingested  algae,  and 

4)  amounts  of  carbon  and  nitrogen  in  fecal  material. 


Results  suggest  that  oysters  process  PON  differently  depending 
upon  the  algal  species  available  in  the  diet,  and  that  a  large  amount 
(78%)  of  ingested  nitrogen  is  excreted  in  fecal  material.  Biodepo- 
sition  by  feeding  oysters  translocates  nitrogen  from  the  water  col- 
umn to  the  benthic  region,  thereby  modifying  the  dynamics  of 
nitrogen  in  coastal  waters  inhabited  by  oysters.  Both  this  effect 
upon  pelagic-benthic  coupling,  and  the  differential  processing  of 
PON  with  different  algal  diets,  may  have  important  implications 
for  natural  waters  and  for  aquaculture  settings. 

MICROBIOLOGICAL  STUDIES  OF  CRASSOSTREA  VIR- 
GINICA AND  OSTREA  EDULIS  IN  THE  DAMARISCOTTA 
RIVER.  MAINE.  Maya  A.  Crosby  and  Bruce  J.  Barber,  School 
of  Marine  Sciences,  University  of  Maine,  Orono.  ME  04469. 

To  better  understand  shellfish  diseases  with  a  possible  bacterial 
etiology,  researchers  must  be  able  to  compare  the  microbial  popu- 
lations of  healthy  animals  with  those  of  diseased  animals.  This 
study  was  undertaken  to  establish  baseline  bacterial  populations 
for  Crassostrea  virginica  and  Oslrea  ediilis  in  the  Damariscotta 
River.  ME  over  the  1997  growing  season,  and  to  make  compari- 
sons between  the  two  species  and  between  healthy  oysters  and 
oysters  infected  with  Juvenile  Oyster  Disease  (JOD). 

Three  groups  of  animals  were  deployed  in  floating  trays  at  a 
commercial  lease  site  in  the  Damariscotta  River  in  June  and  July 
of  1997:  three  replicates  of  selected  C.  virginica  (Flowers),  three 
of  unselected  C.  virginica  (Piscataqua  River),  and  three  of  O. 
edulis.  Growth  and  mortality  were  monitored  weekly  through  No- 
vember 1.  Three  animals  from  each  replicate  were  sampled  for  the 
presence  of  bacteria  by  swabbing  the  inner  surfaces  of  the  valves 
and  tissues  and  washing  the  swab  in  sterile  seawater.  Bacterial 
samples  for  each  replicate  were  pooled,  diluted,  and  plated  on  low 
nutrient  seawater  agar.  Seawater  samples  were  also  taken  weekly 
and  plated  on  seawater  agar.  The  resulting  colonies  were  enumer- 
ated and  isolated  for  identification  using  a  combination  of  standard 
biochemical  tests,  the  API  20E™  system,  and  the  Biolog^"  system. 
Cumulative  mortality  was  high  in  C  virginica  groups,  ranging 
from  79%  in  the  unselected  strain  to  almost  100%  in  the  selected 
C  virginica.  O.  edulis  groups  experienced  less  than  2%  mortality 
over  the  season  from  June  to  November.  Overall,  growth  of  C. 
virginica  was  greater  than  that  of  O.  edulis.  Total  viable  counts  of 
bacteria  varied  over  the  study,  but  few  differences  were  seen  be- 
tween species.  Some  elevation  of  total  bacterial  counts  was  seen  in 
diseased  animals  relative  to  healthy  animals.  Differences  in  popu- 
lations of  bactenal  genera  occurred  between  C.  virginica  and  O. 
edulis. 

A  STUDY  OF  RECIRCULATING  SYSTEMS  FOR  AMERI- 
CAN EEL  AND  SUMMER  FLOUNDER  CULTURE.  John  J. 
Curtis,  Sherry  W.  Lonergan,  and  Paul  J.  Trupp,  Bridgeport 
Regional  Vocational  Aquaculture  School,  60  St.  Stephens  Road, 
Bridgeport,  CT  06605;  Qigen  Liu,  Shanghai  Fisheries  University. 
Shanghai.  China. 
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As  part  of  an  agreement  with  Shanghai  Fisheries  University, 
the  students  and  staff  at  the  Bridgeport  Regional  Vocational  Aqua- 
cuhure  School  are  presently  participating  in  a  collaborative  study 
on  eel  and  summer  flounder  culture. 

Phase  one  of  the  project  resulted  in  the  selection  of  a  Shanghai 
Fisheries  University  educator,  Mr.  Qigen  Liu.  who  is  currently 
being  hosted  by  the  Aquaculture  School  and  is  assisting  staff  and 
students  at  the  school  in  recirculating  system  designs.  Mr.  Liu  is  a 
graduate  of  Shanghai  Fisheries  University  and  to  the  time  of  his 
arrival  in  the  United  States,  was  lecturing  at  the  university  on 
subjects  such  as  inland  water  fish  culture  and  enhancement,  pro- 
duction of  high-priced  market  products  such  as  eel,  crab,  shrimp  or 
turtle,  and  aquaculture  engineering. 

Phase  two  is  now  in  progress  and  on  schedule.  Since  his  arrival 
at  the  school.  Mr.  Liu  has  been  teaching  the  students  of  the  Inten- 
sive Program  about  eels  and  summer  tlounder  culture  and  the 
recirculating  systems  necessary  for  healthy  growth.  This  program, 
the  longest  at  four  hours  each  day.  is  a  totally  integrated  course  of 
studies,  giving  students  academic  credit  in  math,  science,  technol- 
ogy and  social  studies.  The  major  focuses  of  this  year's  work  are 
to  research  background  on  eel  and  summer  flounder,  study  the 
systems  used  to  sustain  culture  of  both  species,  and  develop/ 
construct  those  systems  in  the  school's  aquaculture  laboratories. 

Currently,  basic  recirculating  systems  have  been  designed  and 
constructed  for  the  Ainerican  eel  (Anguilla  rostnita)  and  summer 
flounder  culture.  Juvenile  summer  flounder  and  American  eels 
have  already  adapted  nicely  to  their  first  prototype  systems.  Analy- 
sis of  the  systems  have  already  resulted  in  experimental  tanks 
being  designed  and  constructed  by  our  marine  technology  students. 
Specific  studies  designed  to  develop  the  most  effective  recirculat- 
ing systems  will  include  solid  waste  removal,  aeration,  optimum 
water  depth  and  water  flow  rates. 

Collection  of  elvers  will  begin  in  early  spring  upon  their  mi- 
gration into  local  streams  and  rivers.  Subsequent  introduction  into 
our  newly  designed  recirculating  systems  will  provide  additional 
areas  of  study  for  our  students. 

Similar  to  the  school's  first  project  with  China  on  bay  scallop 
culture  via  the  Chinese  lantern  net  method,  the  goals/objectives  of 
this  project  are  to  immerse  the  students  into  the  full  process  to 
successfully  grow  marine  animals  for  market  or  natural  stock  en- 
hancement. 

Through  this  collaborative,  utilizing  the  long  history  of  aqua- 
culture success  of  China,  it  is  hoped  that  the  students  who  are 
involved  will  continue  these  studies  post-.secondary.  pursue  aqua- 
culture as  a  career  and  be  the  leaders  in  the  development  of  new 
and  improved  aquaculture  technologies. 

TETRASELMIS  CHUI.  PLY429,  (JROWS  BKTTER  IN  FLAT 
!  ANKS  THAN  IN  TUBES.  Mark  S.  Dixon  and  (;ary  H.  Wik- 

fors,  USDOC.  NOAA.  National  Marine  Fisheries  Service,  North- 
cast  Fisheries  Science  Center.  Milford  Laboratory.  Milford,  CT 
06460. 


The  marine  microalga.  Tetmselinis  chut  (strain  PLY429)  has 
proven  to  be  an  excellent  food  for  post-set  American  oysters 
(Crassostiea  viri^iiiica)  and  bay  scallops  (Argopecten  irnulians). 
This  can  be  attributed  largely  to  its  fatty  acid  and  sterol  composi- 
tion. Most  of  our  feeding  experiments  have  been  conducted  using 
research-quality,  carboy-grown  PLY429;  however,  commercial 
production  will  require  larger  volumes  than  possible  in  carboys. 

We  compared  two  commonly-used  types  of  algal  culture  con- 
tainers for  production  of  PLY429:  1)  fiberglass  kalwall'^'  tubes 
and  2)  flat,  open  tanks,  both  indoors  under  stable  conditions  and 
artificial  light,  and  in  a  greenhouse  with  variable  conditions  and 
natural  light.  A  number  of  tank  and  tube  cultures  were  maintained 
semi-continuously  for  weeks  to  months,  allowing  for  collection  of 
data  on  harvest  volume,  medium-replacement  rates,  cell  densities, 
pH.  salinity,  and  qualitative  notes. 

Kalwall  tubes  ( 100  liters)  in  the  lab  had  high  cell  densities  and. 
therefore,  a  higher  yield  in  grams  dry  weight  per  liter  than  flat 
tanks  (,500  liters);  tubes  averaged  600  milligrams  per  liter.  How- 
ever, a  high  degree  of  variability  and  declining  yields  were  ob- 
served the  longer  an  indoor  kalwall  culture  was  maintained.  Indoor 
flat  tanks  averaged  500  milligrams  dry  weight  per  liter  with  con- 
sistency, and  some  tanks  remained  productive  for  over  12  months. 
In  the  greenhouse,  large  (20.000  liters),  flat  tanks  had  a  higher 
yield  in  grams  dry  weight  per  liter  and  less  variability  than  the 
large  (500  liters)  kalwall  tubes.  Both  indoor  and  greenhouse  tanks 
had  a  lower  and  more  stable  pH  (8-9)  than  the  tubes  (pH  8-11).  pH 
in  kalwall  tubes  can  be  lowered  and  stabilized  by  adding  CO,,  hut 
flat  tanks  have  a  much  greater  surface  area-to-volume  ratio  than 
kalwall  tubes,  providing  for  greater  gas  exchange  without  adding 
CO,.  Lighting  of  kalwall  tubes  from  the  side,  coupled  with  pH 
variability,  may  promote  sticking  of  cells  on  interior  walls.  Stick- 
ing results  when  cells  enter  an  alternate,  attached  life-history  stage. 
Eventually  attached  cells  block  light  and  hinder  growth  of  sus- 
pended cells.  Sticking  is  avoided  in  flat  tanks  because  lighting  is  at 
the  surface.  A  "slick"  of  floating  cells  often  accumulates  when 
flat  tanks  are  not  stirred. 

Open  tanks  provide  a  more  stable  growth  environment,  are  able 
to  yield  large  volumes  of  algae,  and  have  shown  great  resilience 
for  long-term  growth  of  PLY429.  Kalwall  tubes  are  generally  less 
effective,  especially  as  they  increase  in  size,  for  culturing  PLY429. 
Flat,  open  tanks  are  an  effective,  low  maintenance  way  to  grow 
PLY429  in  semi-continuous  culture.  Use  of  tradename  does  not 
imply  endorsement"". 

RESISTANCE  STUDIES  FOR  JUVENILE  OYSTER  DIS- 
EASE (,|OD)  1997:  SOME  EARLY  INSIGHTS  INTO  GE- 
NETIC ASPECTS.  C.  Austin  Farley  and  Earl  ,L  Lewis,  US- 
DOC, NOAA,  National  Marine  Fisheries  Service,  Oxford,  MD 
21654-9724;  David  Relyea,  and  Joseph  Zahtila.  Frank  M.  Flower 
Co.,  Oyster  Bay,  NY  1  1771;  Gregg  Rivara,  Cornell  University, 
Cooperative  Extension.  .^690  Cedar  Beach  Rd..  Southold.  NY 
11971. 
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This  is  the  fourth  year  of  juvenile  oyster  disease  resistanee 
studies  in  Crassostiea  virginicci.  The  first  year  shinved  up  to  7 
times  better  survival  of  progeny  of  a  brood  stock  selected  on  the 
basis  of  ( 1 )  survival  and  (2)  presence  of  characteristic  shell  checks. 
The  second  year  evaluated  F,  and  F,  progeny  against  progeny 
from  susceptible  biood  stocks  deployed  in  7  different  sites.  Sur- 
vival of  F,  and  F,  resistant  seed  was  7  to  25  times  better  than  the 
susceptible  seed.  In  the  third  year,  an  F,  generation  (FMF-F,)  and 
an  FCT-F|  resistant  strain  from  surviving  Connecticut  stocks  were 
developed.  Comparable  resistance  with  up  to  35  times  better  sur- 
vival was  seen  in  the  presumed  resistant  stocks  when  compared  to 
Connecticut  susceptible  control  seed  of  comparable  age. 

In  1997,  we  developed  an  Fj  generation  and  compared  it  with 
the  FCT-F|  1997  progeny  from  Flower  Co.  Connecticut  brood 
stocks  and  a  comparable-aged  susceptible  control  population  from 
naive  natural  Connecticut  brood  stocks  (FCT).  and  comparable 
seed  developed  at  Peconic  Bay.  Surviving  1995  FCT-F,  progeny 
were  used  as  brood  stocks  to  produce  an  F,  resistant  FCT  strain. 
Additionally,  progeny  from  a  cross  of  FCT-F,  and  FCT  susceptible 
stocks  (FCT-F,  X  FCT)  were  also  evaluated  in  the  eastern  Long 
Island  sites.  Seed  were  deployed  in  3  different  sites  in  Long  Island 
waters:  site  1  -  Oyster  Bay,  Long  Island  Sound  (FCT-F,  and  FCT- 
F,  X  FCT  were  not  deployed  here);  site  2  -  Mattatuck  Inlet,  Long 
Island  Sound:  site  3  -  Cedar  Beach,  Peconic  Bay.  A  comparison 
between  samples  held  in  upwellers  vs.  pearl  nets  was  done  at  site 
3. 

Mortality  results  after  8-12  weeks  of  exposure  were  in:  site  2 
(pearl  nets)  FMF-F^  -  0,  FCT-F,  -  0  and  FCT  -  2%.  RCT-F,  6% 
FCT-F,  X  FCT  -  27c.  RCT  -  49%;  site  3  (pearl  nets)  FMF-Fj  -  0%, 
FCT-F,  -  4%  and  FCT  -  8%.  RCT-F,  -  11%.  FCT-F,  x  FCT  -  19, 
RCT  -  62%.  Site  3  (upwellers)  FMF-F^  -  12%,  FCT-F,  -  77c  and 
FCT  -  55%,  RCT-F,  -  4%,  FCT-F,  x  FCT  -  31%,  RCT  -  61%. 
Seed  at  site  1  were  inadvertently  mixed  after  week  4  before  dif- 
ferences were  noted.  Connecticut  susceptible  seed  exhibited  5- 
25%  conchiolin  in  live  oysters  and  9-100%  in  dead  oysters  after 
the  peak  of  mortality. 

Survival  was  5  to  15  times  better  in  the  resistant  populations. 
No  significant  differences  were  seen  between  any  of  the  resistant 
populations.  The  back  crosses  showed  significantly  better  survival 
(2-25  tmies)  than  susceptible  oystei-s,  suggesting  that  the  trait  is 
(1)  dominant  and  (2)  a  single  allele  characteristic. 


MSX  -  A  REVIEW  AND  UPDATE.  Susan  E.  Ford  and  Kath- 
ryn  A.  A.shton-AIcox,  Rutgers  University.  Haskin  Shellfish  Re- 

.search  Laboratory.  Port  Norris.  NJ  08349. 

Since  about  1990.  MSX  disease  has  been  of  very  minor  im- 
portance to  growers  of  eastern  oysters,  Crassostrea  virginica,  in 
the  Northeastern  United  States.  Juvenile  Oyster  Disease,  which 
emerged  as  a  serious  problem  in  nursery  culture  beginning  in  1988, 
and  Dermo  Disease,  which  began  appearing  in  New  England  in 


1991-1992,  have  been  far  more  serious  threats.  In  1995,  however, 
MSX  disease  caused  high  mortalities  ni  the  Piscataqua  Rncr.  ME, 
and  in  1996  the  disease  reappeared  in  Long  Island  Sound  (LIS), 
resulting  in  particularly  severe  epizootics  on  the  North  Shore  of 
Long  Island,  NY  in  1997. 

The  organism  responsible  for  MSX  disease  is  a  protistan  para- 
site named  Hapldsponduiin  iii'lsoni.  which  was  first  recognized  as 
the  cause  of  massive  oyster  mortalities  in  Delaware  and  Chesa- 
peake Bays  in  the  late  1950s.  It  was  found  thereafter  on  the  Con- 
necticut shore  of  LIS  (1960);  in  Great  South  Bay  on  the  south 
shore  of  Long  Island,  NY  (1965);  in  Welltleet  Harbor  on  Cape 
Cod,  MA  (1967);  and  in  southern  Maine  (1983).  Thus,  the  organ- 
ism has  been  present  for  decades  in  the  northeast,  ahhough  it 
apparently  did  not  result  in  the  regular  epizootics  that  character- 
ized the  mid-Atlantic  estuaries.  An  outbreak  of  MSX  disease,  with 
consequent  mortalities,  was  recorded  on  the  north  shore  of  Long 
Island  and  in  southern  Massachusetts  in  the  mid  to  late  1980s,  but 
to  our  knowledge  it  has  not  caused  problems  since  then.  Thus,  the 
cuiTent  LIS  epizootic  is  the  first  in  more  than  a  decade,  and  has 
resulted  in  heavier  losses  than  ever  before. 

One  of  the  characteristics  of  MSX  disease  in  areas  where  it  has 
been  continuously  monitored  is  the  wide  fluctuation  in  annual 
prevalence.  In  some  regions,  the  variability  can  be  linked  to  peri- 
ods of  high  or  low  freshwater  inflow;  H.  iiflsoHi  is  very  sensitive 
to  low  salinity.  Underlying  the  salinity  relationship,  however,  is 
another  interannual  pattern,  the  source  of  which  is  less  obvious.  In 
Delaware  Bay,  low  points  in  cycles  lasting  6-8  years  typically 
followed  unusually  cold  winters.  When  disease  activity  resumed,  it 
returned  within  a  year  to  a  peak  that  was  higher  than  in  the  pre- 
vious cycle.  The  correlation  between  cold  winters  and  low  MSX 
infection  pressure  persisted  for  more  than  30  years,  but  began  to 
fail  after  the  onset  of  Dermo  disease  in  the  Bay  in  1990,  at  which 
time  MSX  became  relatively  rare.  A  direct  or  indirect  interaction 
between  the  two  disea.ses  may  be  responsible  for  this  change. 

A  better  understanding  of  the  life  cycle  of  H.  nelsoiii  and  its 
mode  of  transmission  would  help  us  interpret  these  interannual 
patterns.  To  assist  in  this  endeavor,  we  are  collaborating  with  the 
Virginia  Institute  of  Marine  Science  in  a  project  using  H.  nelsoni- 
specific  DNA  primers  along  with  PCR  technology  to  search  for  a 
hypothesized  intermediate  host  for  the  parasite.  We  have  found 
that  H.  nelsoni  DNA  occurs  in  sediment,  water,  zooplankton,  and 
benthic  invertebrates.  This  suggests  that  some  parasite  stages  are 
very  abundant  in  the  estuarine  environment.  Positive  samples  have 
been  much  more  frequent  in  the  Chesapeake  Bay,  where  oysters 
have  sustained  high  MSX  disease  prevalence,  compared  to  Dela- 
ware Bay,  where  oysters  have  not  become  so  heavily  infected.  We 
are  not  yet  sure  of  what  significance  to  place  on  the  finding  of 
positive  reactions  in  several  different  invertebrate  species:  some  of 
these  may  be  due  to  H.  nelsoni  stages  that  are  passing  through  the 
gut  or  adhering  to  the  external  surface,  but  not  truly  infecting  these 
organisms.  In  situ  hybridization  studies  with  the  primers  should 
resolve  this  question. 
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The  vast  amounts  of  data  that  have  been  collected  on  MSX 
disease  over  the  last  40  years  are  now  being  synthesized  in  the 
construction  of  a  numerical  model,  which  can  describe  in  math- 
ematical terms  the  interaction  between  H.  nelsoni,  its  oyster  host, 
and  the  environment.  We  expect  that  the  model  will  be  useful  to 
management  (especially  when  it  is  integrated  with  an  existing  P. 
mahmis  model).  It  is  currently  helping  us  to  better  understand  how 
certain  interactions  may  be  occurring  to  achieve  the  disease  pat- 
terns that  we  observe  in  nature. 

HACCP  REQUIREMENTS  FOR  THE  SHELLFISH  INDUS- 
TRY. Ken  Gall,  New  York  Sea  Grant.  125  Nassau  Hall.  SUNY. 
Stony  Brook,  NY  1 1 794. 

A  new  regulation  that  requires  all  seafood  "processors"  to 
implement  a  HACCP  food  safety  control  system  for  their  operation 
became  effective  on  December  18,  1997.  The  FDA  has  defined  a 
"processor"  as  any  person  engaged  in  commercial,  custom,  or 
institutional  processing  which  includes  handling,  storing,  prepar- 
ing, shucking,  freezing,  changing  into  different  market  forms, 
manufacturing,  preserving,  packing,  labeling,  dockside  unloading 
or  holding  fish  or  fishery  products  either  in  the  United  States  or  a 
foreign  country.  Shellfish  shippers  and  other  shellfish  businesses 
who  engage  in  any  of  these  processing  activities  are  likely  to  be 
covered  by  the  FDA's  HACCP  regulation.  These  firms  are  re- 
quired to  conduct  a  Hazard  Analysis  for  their  products  and  process 
activities,  and  to  develop  and  implement  a  HACCP  plan  if  any 
significant  food  safety  hazards  are  identified.  In  addition,  the  FDA 
will  now  require  routine  monitoring  and  record  keeping  for  eight 
key  sanitation  conditions  or  practices. 

Potential  food  safety  hazards  identified  by  the  FDA  in  their 
Fish  and  Fishery  Products  Hazards  and  Canlrol  Guide  that  shell- 
fish firms  will  need  to  consider  in  their  Hazard  Analysis  include: 
pathogens  from  the  harvest  area,  pathogen  growth  from  time  and 
temperature  abuse,  natural  toxins,  chemical  contaminants  and  pes- 
ticides, aquacuiture  drugs,  food  and  color  additives,  and  physical 
hazards  such  as  metal  fragments.  A  HACCP  plan  must  be  devel- 
oped and  implemented  to  prevent,  eliminate  or  reduce  any  hazards 
that  are  determined  to  be  significant  at  the  critical  points  in  the 
operation  where  each  hazard  can  be  best  controlled.  Existing 
source  control  and  tagging  requirements  which  have  been  adopted 
by  federal  and  state  Shellfish  Control  Authorities  will  be  utilized  in 
the  HACCP  plan  to  control  source  related  hazards  such  as  patho- 
gens from  the  harvest  area,  natural  toxins,  and  chemical  contami- 
nants. HACCP  plans  will  also  include  time  and  temperature  con- 
trols to  minimize  pathogen  growth,  and  process  controls  if  neces- 
sary for  food  additives  and  physical  hazards. 

The  HACCP  plan  must  be  developed  by  an  individual  who  has 
completed  training  equivalent  to  the  standardized  curriculum  rec- 
ognized by  FDA,  or  who  is  otherwise  qualified  through  job  expe- 
rience to  perform  these  functions.  Seafood  HACCP  Alliance 
courses  have  been  conducted  by  Sea  Grant,  universities,  and  fed- 
eral and  state  regulators  around  the  country  in  cooperation  with  the 


Association  of  Food  and  Drug  Officials  to  help  the  seafood  indus- 
try meet  this  training  requirement.  By  the  end  of  1997,  more  than 
260  courses  had  been  conducted,  and  over  7,000  individuals  from 
industry,  federal,  state  and  local  regulatory  agencies,  and  other 
public  or  private  programs  had  completed  a  three  day  Seafood 
HACCP  Alliance  course.  A  special  training  course  has  been  de- 
veloped by  the  Interstate  Shellfish  Sanitation  Conference  for  mol- 
luscan  shellfish  shippers. 

PERFORMANCE  OF  ULVA  RIGIDA  AS  A  BIOFILTER  IN  A 
FLOW-THROUGH  MARICULTURE  SYSTEM.  Ronald 
Goldberg,  Paul  Clark,  and  Gary  H.  Wikfors,  USDOC,  NCAA, 
National  Marine  Fisheries  Service.  Northeast  Fisheries  Science 
Center.  Milford  Laboratory,  Milford,  CT  06460;  Muki  Shpigel, 
Israel  Oceanographic  and  Limnological  Research,  National  Center 
for  Mariculture,  Eilat  881 12  Israel. 

A  flow-through  seawater  system  was  designed  to  evaluate  the 
potential  of  the  seaweed,  Ulva  rigida.  to  remove  excess  nutrients 
from  fish  and  shellfish  aquacuiture  effluent.  Six,  200  liter  tanks 
were  modified  to  receive  1.5  liters  min  ''  of  unfiltered  seawater 
and  vigorous  aeration  was  supplied  through  a  manifold  at  the 
bottom  of  the  tanks  to  keep  the  seaweed  in  suspension.  Two  ex- 
periments with  triplicate  treatments  were  conducted.  In  the  first 
experiment,  growth  of  U.  rigida  biomass  was  compared  in  treat- 
ments receiving  ambient  seawater  to  treatments  receiving  ambient 
seawater  with  reagent  nutrients  added  every  other  day.  In  the  sec- 
ond experiment,  growth  of  U.  rigida  biomass  was  compared  in 
treatments  either  receiving  ambient  seawater  with  reagent  nutrients 
added  or  in  treatments  receiving  the  effluent  from  shellfish  culture 
systems.  Experimental  parameters  of  seawater  temperature.  pH, 
dissolved  oxygen,  and  ambient  light  irradiance  were  measured 
twice  daily.  Dissolved  ammonia,  nitrate,  nitrite,  and  phosphate 
were  measured  in  seawater  samples  of  inlet  and  outlet  water  using 
standard  spectrophotometric  analytical  methods.  Samples  of  the  U. 
rigida  and  particulate  material  were  taken  periodically  for  nitrogen 
analysis.  Chlorophyll  and  total  carotenoid  pigments  were  quanti- 
fied on  a  dry  weight-normalized  basis  using  spectrophotometric 
methods. 

Yield  of  U.  rigida  in  treatments  receiving  reagent  nutrients 
ranged  from  188.3  to  227.8  g  m^"  d"'  and  growth  averaged  at  a 
rate  of  about  4  %  d"'.  In  U.  rigida  receiving  only  ambient  seawa- 
ter, yield  was  negligible.  Yield  of  U.  rigida  receiving  effluent  from 
shellfish  culture  systems  averaged  95.1  g  m""  d"'.  Ammonia  re- 
moval was  up  to  96%  in  treatments  receiving  effluent  seawater, 
containing  about  27  jjimoles  of  NH,.  NO,  and  NO,  were  removed 
from  ambient  seawater  where  ammonia  concentration  was  less 
than  0.5  (jimoles.  Nitrogen  analysis  indicated  that  seaweed  receiv- 
ing effluent  was  high  in  protein  content.  Faster  growing  U.  rigida 
contained  higher  photosynthetic  pigment  content  than  slower 
growing  treatments. 

Use  of  seaweeds  as  biofilters  appears  to  be  an  attractive  alter- 
native to  ensure  non-polluting  aquacuiture  operations.  High  pro- 
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tein  eontent  of  the  biofilter  seaweed,  presents  the  possibility  of 
consideration  of  its  use  as  an  animal  feed  supplement  or  a  food 
source  for  polyculture  of  macroalgivores,  such  as  sea  urchins  or 
whelk. 

MOLLUSCAN  AQUACULTURE  IN  CHINA:  AN  OVER- 
VIEW. Ximing  Guo,  and  Susan  Ford,  Rutgers  University, 
Haskin  Shellfish  Research  Lab.  Pon  Norris.  NJ  08349;  Huiping 
Vang,  Zhe  Xu.  and  Fusui  Zhang,  Institute  of  Oceanology.  Chi- 
nese Academy  of  Science.  7  Nanhai  Road,  Qingdao.  Shandong. 
Peoples  Republic  of  China  266071. 

Mariculture  in  China  has  been  expanding  at  a  rapid  speed  in 
recent  years,  with  the  annual  production  reaching  7.6  million  met- 
ric tons  in  1996.  Molluscan  culture  has  become  the  most  important 
part  of  the  Chinese  mariculture  industry,  accounting  for  over  80'7r 
of  the  total  production.  A  study  was  conducted  through  the  US- 
China  Living  Marine  Resource  Program  to  understand  the  recent 
advances  in  molluscan  culture  in  China.  As  part  of  the  study,  we 
visited  major  hatcheries,  aquaculture  sites  and  research  institutions 
along  China's  coast.  This  paper  presented  some  of  our  observa- 
tions on  the  molluscan  culture  industry  in  China. 

THE  IMPACT  OF  A  SHELLFISH  NURSERY  ON  AMBIENT 
CHLOROPHYLL-A  CONCENTRATIONS.  Emerson  G.  Has- 
brouck,  Shoreham-Wading  Ri\er  High  School.  Rt.  25A.  Shore- 
ham.  NY  11786. 

Filter  feeders  such  as  clams,  oysters,  mussels  and  scallops, 
obtain  their  food  source  by  filtering  surrounding  waters.  In  an  open 
environment  there  are  many  animals,  but  there  is  also  generally  a 
large  enough  food  source  to  support  these  animals.  In  heavily 
populated  areas,  such  as  dense  clam  or  mussel  beds,  growth,  breed- 
ing and  larval  life  can  be  severely  affected  by  the  availability  of 
food.  When  large  numbers  of  filter  feeders  are  introduced  into  a 
limited  source  environment,  the  effect  on  the  already  existing 
population  could  be  drastic. 

The  Cornell  Cooperative  Extension  Marine  Program  operates  a 
shellfish  hatchery  and  nursery  in  Southold,  Long  Island,  NY, 
where  they  spawn,  grow,  and  eventually  release  into  the  wild,  a 
number  of  different  types  of  shellfish.  The  nursery  operation  uti- 
lizes a  flow-through  system  to  draw  in  bay  water  with  its  associ- 
ated microalgae  as  a  food  source  for  the  shellfish.  The  nursery 
produced  approximately  4  million  hard  clams,  oysters  and  bay 
scallops  during  the  1997  growing  season.  This  study  was  designed 
to  determine  the  impact  of  the  nursery's  algal  removal  on  the 
ambient  algal  concentrations  of  Cedar  Beach  Harbor. 

A  chlorophyll-o  sampling  program  was  established.  Sampling 
stations  were  setup  at  different  locations  in  Cedar  Beach  Harbor, 
Peconic  Bay  and  at  both  the  intake  and  effluent  of  the  nursery.  The 
samples  collected  in  Cedar  Beach  Harbor  were  compared  with 
those  collected  in  the  Peconic  Bay.  The  effluent  of  the  nursery  was 
compared  to  those  samples  taken  in  Cedar  Beach  Harbor.  Samples 
in  this  study  were  analyzed  for  only  chlorophyll-a  concentrations 


as  an  approximation  of  microalgal  density.  Algae  were  not  iden- 
tified as  to  species  or  diversity.  The  seven  sampling  stations  were 
sampled  a  total  of  nine  times  during  the  time  period  between 
6-7-97  and  10-16-97. 

Samples  of  both  the  intake  and  effluent  of  the  main  nursery 
were  taken.  The  average  amount  of  chlorophyll-^;  removed  from 
the  water  by  the  nursery  was  1 .8  mgl"'.  but  ranged  anywhere  from 
.2  mg/1  on  9-26-97  to  3.2  mgl  on  9-11-97.  The  main  nursery 
removed  an  average  of  63%  of  algae  from  the  water. 

Samples  of  both  the  intake  and  effluent  of  the  secondary  por- 
tion of  the  nursery  were  taken.  The  average  amount  of  chloro- 
phyll-A  removed  from  the  water  by  the  nursery  was  4.0  mg/1.  but 
ranged  anywhere  from  2.0  mg/1  on  9-26-97  to  5.3  mg/I  on  10-16- 
97.  The  secondary  nursery  removed  an  average  of  66%  of  algae 
from  the  water. 

Despite  these  removal  rates,  the  hatchery/nursery  located  on 
Cedar  Beach  Harbor  does  not  have  a  dramatic  effect  on  the  local 
microalgal  population.  In  fact  the  algae  levels  directly  next  to  the 
effluent  of  the  nursery  were  on  three  occasions  higher  than  levels 
found  in  the  Peconic  Bay.  Additionally,  on  all  sampling  occasions 
but  two.  the  levels  of  chlorophyll-a  found  adjacent  to  the  nursery 
were  higher  than  those  in  Cedar  Beach  Harbor.  Based  on  chloro- 
phyll-n  concentrations,  the  hatchery/nursery  does  not  have  a  nega- 
tive impact  on  the  food  source  available  to  the  population  of  shell- 
fish in  the  area. 

USING  TETRASELMIS  SP.  (PLY429)  AS  A  FOOD  FOR 
HARD  CLAMS:  ONE  HATCHERY'S  EXPERIENCES.  Craig 
Hassler,  East  Hampton  Shellfish  Hatchery.  East  Hampton.  NY 
11937. 

The  success  of  East  Hampton's  Shellfish  Hatchery  is  deter- 
mined by  the  number  of  shellfish  ultimately  harvested  from  that 
effort.  To  reach  that  end  a  balance  needs  to  be  struck  between  seed 
quantity  and  seed  size.  Bounded  by  the  physical  constraints  of  the 
operation  and  the  local  environment,  our  approach  represents  a 
slowly  evolving  synthesis  of  past  experiences,  new  ideas,  and 
methods  used  at  other  hatcheries.  Growing  a  large  number  of 
shellfish  to  a  size  offering  a  threshold  from  predation  is  one  of  our 
biggest  challenges. 

Spawning  shellfish  early  in  the  year  and  stockpiling  juveniles  is 
one  technique  used  at  other  hatcheries  to  produce  more  and  larger 
seed.  In  addition  to  clams,  this  operation  produces  seed  oysters  and 
scallops  in  which  high-lipid  Tetraselmis  algae  strains  have  been 
shown  to  benefit  growth.  Owing  to  the  limitations  of  algae  culture 
space  and  overlap  of  species  in  the  systems,  it  was  decided  to 
incorporate  Tetraselmis  sp.  (PLY429)  into  the  mass  algae  culture 
regime  as  an  important  component  of  all  post  set  juvenile  and 
broodstock  diets.  1996  was  the  first  year  an  attempt  was  made  to 
adapt  extensive  stockpiling,  especially  of  clams,  to  our  particular 
situation. 

A  plan  was  devised  to  downwell  ±  1  mm  clams  for  an  extended 
period  before  moving  them  to  an  upwelling  system  at  a  point  in  the 
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spring  just  as  temperatures  start  promoting  growtli.  Growth  rates  of 
clams  fed  Tetraselmis  and  held  in  the  hatchery  were  comparable  to 
growth  rates  seen  in  previous  years  using  ThaUissiosiia  weisfloggi. 
After  a  period  of  time  in  the  downwelling  system,  clam  mortality 
affected  roughly  70%  of  the  first  and  second  spawns  of  the  season. 
Death  was  first  noticed  in  clams  retained  on  1.4  mm  and  1.0  mm 
sieves  and  downwelled  for  more  than  seven  days.  A  portion  of 
subsequent  batches  of  clams,  showing  growth  in  the  downwelling 
sy.stem,  died  two  days  after  introduction  into  the  upwelling  system. 

Initial  suspicions  included  high  stocking  density  in  the  down- 
welling system  and  some  aspect  of  the  mass-cultured  food.  An 
attempt  was  made  to  reproduce  the  mortality  by  using  two  differ- 
ent initial  stocking  volumes  in  a  scaled  down  replica.  After  sixteen 
days  of  downwelling.  volume  increase  in  the  heavily  stocked  treat- 
ment was  one  third  that  seen  in  the  lightly  stocked  treatment. 
Mortality  in  both  groups  was  less  than  one  percent.  A  second 
attempt  at  reproducing  the  mortality  consisted  of  feeding  two 
groups  of  clams  equal  culture  water  volumes  of  two  different 
mass-cultured  foods.  Tlinhissiosira  and  Tetinsi'linis.  Initially,  vol- 
ume increases  were  roughly  equal  in  both  groups;  however,  toward 
the  end  of  the  trial  clams  fed  Tluilassiosini  outpaced  those  fed 
Tetraselmis.  This  was  suspected  to  result  from  poor  performance 
of  Tetraselmis  under  very  wami  culture  conditions.  Despite  the 
difference  in  growth,  no  mortality  was  seen  in  either  group. 

Cunently,  clam  spawns  are  compressed  into  a  window  from 
late  April  to  early  May.  Animals  are  downwelled  for  no  more  than 
five  days,  and  enter  the  upwelling  system  at  the  beginning  of  June, 
a  time  when  water  temperature  can  reasonably  be  relied  upon  to 
facilitate  growth. 

We  hope  that  this  discussion  sparks  the  niteresl  of  persons 
whose  knowledge  and  focus  could  allow  a  more  rigorous  exami- 
nation of  these  experiences. 


UNDERSTANDING  THE  POTENTIAL  OF  OFFSHORE 
MARINE  AQUACULTIIRE:  A  BIOECONOMIC  AP- 
PROACH. Porter  Hoagland,  Di  Jin.  and  Hauke  L.  Kite-Powell, 

Marine  Policy  Center,  M.S.  #  41,  Woods  Hole  Oceanographic 
Institution,  Woods  Hole,  MA  02543. 

Social  scientists  at  the  Woods  Hole  Oceanographic  Institution's 
Marine  Policy  Center  are  developing  a  generic  model  of  the  proj- 
ect economics  of  a  marine  aquaculture  operation  in  offshore  wa- 
ters. The  model  will  be  applied  to  planned  or  hypothetical  offshore 
ventures  in  New  England.  Employing  a  bioeconomic  approach,  the 
model  will  incorporate  infoniiation  now  emerging  about  construc- 
tion requirements  and  biological  growth  processes  in  marine  set- 
lings,  the  effects  of  engineering  and  biological  uncertainties,  the 
costs  of  regulatory  compliance,  and  variability  in  supply  and  de- 
mand in  the  relevant  product  markets.  The  model  will  be  designed 
to  estimate  the  economic  feasibility  of  an  individual  operation  at  a 
particular  location  and  to  determine  the  minimum  efficient  scale  of 


operations.  Importantly,  because  of  the  risky  nature  of  ocean  aqua- 
culture,  the  model  will  incorporate  risk-based  methods. 

The  modelling  approach  involves  two  steps.  The  first  step  is  a 
two-part  cost  assessment.  We  will  estimate  the  internal  costs  of 
growout  systems  (cages,  moorings,  etc.),  vessel  operations  (boat 
and  crew  costs),  transportation,  and  other  relevant  costs.  These 
costs  will  be  incorporated  into  a  project  evaluation  component. 
Where  appropriate,  we  will  also  estimate  any  external  costs  asso- 
ciated with  nutrient  loading  and  other  effluents  or  the  impingement 
of  marine  aquaculture  operations  on  other  uses  of  the  ocean.  (The 
estimation  of  external  costs  is  generally  outside  the  scope  of  a 
private  project  evaluation  effort,  but  these  estimates  will  be  useful 
for  any  social  benefit-cost  analyses.)  Second,  we  will  conduct  a 
feasibility  .study  to  determine  the  likelihood  that  a  project  can  be 
commercially  successful.  This  step  requires  linking  the  project 
evaluation  component  to  a  model  of  supply  and  demand  (market 
component)  in  the  relevant  product  market. 

We  present  some  early  results  from  the  modelling  efforts,  fo- 
cusing on  the  hypothetical  ocean  aquaculture  of  the  blue  mussel, 
Mytilus  edidis,  as  an  example. 


REMOTE  SETTING  METHODS  USED  FOR  OYSTER 
STOCK  ENHANCEMENT  ON  MARTHAS  VINEYARD. 
Richard  C.  Karney.  Martha's  Vineyard  Shellfish  Group.  Inc., 
Box  1552.  Oak  Blutfs.  MA  02557. 

The  deployment  of  shellbag  spat  collectors  can  be  an  effective 
means  of  increasing  oyster  stocks  in  years  with  good  natural  sets. 
Unfortunately,  natural  spatfall  in  the  Island's  ponds  is  erratic.  Re- 
mote setting  of  hatchery  produced  eyed  oyster  larvae  has  proven  a 
more  dependable  method  for  seeding  natural  beds.  Since  19S9.  the 
Martha'  s  Vineyard  Shellfish  Group  has  annually  remote  set  about 
two  million  eyed  larvae  with  about  a  5-l()7r  survival  to  1/2  inch. 

A  methodology  developed  in  the  Pacific  Northwest  is  used. 
Oyster  larvae  are  reared  at  the  solar-assisted  shellfish  hatchery  on 
Lagoon  Pond  at  30  parts  per  thousand  (ppt)  salinity  and  set  on 
shellbags  in  several  tanks  set  up  on  the  shore  of  Tisbury  Great 
Pond  (salinity  l5-25ppt)  located  about  five  miles  from  the  hatch- 
ery. Eyed  larvae  are  concentrated  on  Nitex  netting,  wrapped  in 
damp  paper  towel  and  refrigerated  overnight  prior  to  being 
sprinkled  over  the  shellbags  which  are  immersed  in  tanks  of  sea- 
water.  The  tanks  are  aerated  and  covered  with  black  plastic  to 
exclude  light  and  rainwater.  Daily,  about  half  the  volume  of  sea- 
water  in  the  tanks  is  replaced  and  a  quantity  of  cultured  phy- 
toplankton  is  added.  Within  about  five  days,  the  majority  of  the 
larvae  have  set  and  the  shellbags  are  suspended  from  floats  in  the 
pond.  In  four  to  six  weeks  the  hags  are  emptied  and  the  oysters 
bottom  planted. 

Oyster  shell  has  proved  to  be  better  cultch  than  scallop  shells  or 
artificial  collectors.  Setting  is  observed  to  be  more  concentrated  on 
shells  receiving  the  mo.st  aeration. 
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THE  PRESENCE  OF  HAPLOSPORIDWM  NELSON!  (MSX) 
AND  PERKINSUS  MARINUS  (DERMO)  IN  CRASSOSTREA 
VIRGINICA  ALONG  THE  CONNECTICUT  SHORELINE  - 
A  1997  -  1998  SURVEY.  John  Karolus.  Inke  Sunila,  Stacy 
Spear,  and  John  Volk,  Connecticut  Department  of  Agriculture. 
Bureau  of  Aquacullure.  P.O.  Box  97.  Milford.  CT  06460. 

Previou.s  data  generated  by  this  laboratory  determine  a  wide 
spread  prevalence  of  Pcrkiiisns  muriiiiis  in  Crassostrea  virginica 
(ea,stern  oyster)  along  the  Connecticut  coast  in  1996.  In  addition  to 
continuing  the  study  of  Dermo.  surveillance  for  the  presence  of 
HaplosponJiuin  iwlsoiii  began  in  August.  1997. 

Samples  of  M)  oysters  each  had  been  collected  at  selected  sites 
representing  both  leased  oyster  growing  areas  and  seed  areas. 
Samples  from  rivers,  deep  water  areas  as  well  as  sampling  sites 
from  locations  of  special  interest  had  been  collected.  For  the  di- 
agnosis of  Deniio.  specimens  of  mantle  and  /or  anal  rectal  areas 
had  been  cultured  in  Ray's  Fluid  Thioglycollate  Medium.  For  the 
diagnosis  of  MSX.  paratTm-sections  had  been  stained  with  hema- 
toxylin-eosin.  Ziehl's  acid  fast  stain  was  used  for  detecting  spores. 

The  results  for  Perkiiisiis  imiriiiK.s  indicated  the  prevalence  and 
weighted  prevalence  remained  at  levels  comparable  to  1996.  How- 
ever, there  was  a  slight  increase  in  the  weighted  prevalence  in  deep 
water  sites. 

Haplosporidium  nelsoni  was  found  at  epizootic  levels  at  sev- 
eral sites.  Prevalence  varied  from  7  to  87%.  Infections  seemed  to 
have  developed  very  late  in  the  season;  prevalence  was  high  and 
early  infections  stages  were  present  in  samples  collected  in  De- 
cember. Seed  areas  were  found  to  be  negative  for  the  parasite. 
Adult  oysters  at  certain  locations  were  found  to  contain  the  MSX 
protozoan  in  the  sporulating  stage. 

Concerning  MSX.  the  samples  represent  active  infections  of  an 
epizootic,  with  very  few  or  no  signs  of  resistance  at  the  present 
time.  The  Connecticut  Department  of  Agriculture  /  Bureau  of 
Aquaculture  will  monitor  the  disease;  assist  in  developing  resistant 
strains  of  oysters  and  inform  oyster  companies  about  managing 
infected  ovster  tzrounds. 


RAISING  TAUTOG  TO  ASSESS  THEIR  POTENTIAL  FOR 
AQl  ACULTURE  -  TRIUMPHS  AND  HEARTACHES. 
Grace  Klein-MacPhee.  and  Aimee  Keller,  University  of  Rhode 
Island,  Graduate  School  of  Oceanography,  Narragansett  Bay  Cam- 
pus. Narragansett,  RI  02882;  Richard  Lovett,  University  of 
Rhode  Island,  Department  of  Fish,  Animal  and  Veterinary  Science. 
Kingston,  RI  02881;  Brian  Walker,  Roger  Williams  University. 
Department  of  Biology.  Bristol.  RI  02809. 

A  series  of  experiments  are  described  which  we  conducted 
while  raising  laboratory  spawned  tautog  [Taitto^a  onitus).  We  ex- 
amined the  effects  of  three  commercial  diets  on  survival  of  larval 
tautog  when  fed  alone  and  in  combination  with  live  food.  Diets 
assessed  were  Kyowa  and  two  types  of  Inveigh  diets.  None  of  the 


fish  survived  when  fed  dried  diets  alone.  Better  survival  was  ob- 
tained with  Kyowa  fed  in  combination  with  rotifers  than  either  of 
ihe  other  two  diets.  In  a  separate  experiment  MS-222  and  Quinal- 
dine  were  both  judged  to  be  effective  anesthetics  for  .30-day  old 
fish.  A  growth  curve  for  fish  rai.sed  from  hatch  to  seven  months  of 
age  on  a  combination  of  diets  is  presented. 


]N  VITRO  CULTURE  AND  LIFE  CYCLE  OF  QPX.  Stephen 
J.  Klelnschuster  and  Jason  Parent,  Rutgers  University.  Haskin 
Shellfish  Research  Laboratory.  Port  Norris.  NJ  08349;  Roxanna 
Smolowitz,  Laboratory  for  Aquatic  Medicine  and  Pathology.  Uni- 
versity of  Pennsylvania,  Marine  Biological  Laboratory,  7  MBL  St., 
Woods  Hole.  MA  02543. 

Quahog  Parasite  LInknown  (QPX),  a  disease  of  the  hard  clam 
Merceuuiia  merccuaiiu.  was  first  described  in  the  northeastern 
United  States  by  Smolowitz  (1995)  in  cultured  clams  from  Dux- 
bury  and  Provincetown  Bays,  Massachusetts.  Morphologically,  the 
organism  appears  similar  to  the  Labyrinthuloides  and  Traustochy- 
triales,  orders  of  the  phylum  Labyrinthumorpha,  subkingdom  Pro- 
tista. Although  much  information  about  the  parasite  has  been  ob- 
tained utilizing  fixed  and  stained  material,  the  continuous  propa- 
gation of  the  organism  in  vitro  would  allow  researchers  to  more 
fully  investigate  the  many  hitherto  unknown  aspects  of  this  dis- 
ease. Using  standard  tissue  culture  techniques,  we  were  able  to 
continuously  culture  in  vitro  a  presumptive  QPX  organism  and 
describe  an  in  vitro  life  cycle,  including  vegetative  propagation  of 
the  organism  and  zoospore  induction.  Cultures  were  initiated  by 
shucking  presumptively  infected  clams,  identifying  focally  exten- 
sive swellings  in  the  mantle  edges,  and  dissecting  identified  nod- 
ules and  placing  in  culture  media.  After  placement  of  the  presump- 
tively infected  mantle  tissue  into  culture  media,  the  clam  tissue 
degenerated  and  the  QP.X  thalli  began  to  increase  in  size,  maturing 
within  2-3  weeks  into  sporangia  containing  many  endospores. 
Bursting  of  the  sporangia  resulted  in  the  liberation  of  vegetative 
endospores,  which  matured  into  QPX  thalli,  completing  the  veg- 
etative life  cycle  in  vitro-  Replacement  of  the  growth  media  con- 
taining sporangia  with  sterile  sea  water  resulted  in  the  adherence  of 
endospores  as  morulae  to  the  bottom  of  the  culture  flask  and  the 
appearance  of  ectoplasmic  nets.  Motile  zoospores  formed  from  the 
adherent  endospores  within  1—4  days,  which  settled  to  the  bottom 
of  the  culture  tlask  within  24  hrs.  Replacement  of  the  sea  water 
with  culture  media  following  attachment  of  the  zoospores  resulted 
in  the  beginning  of  the  vegetative  life  cycle.  Though  zoospores 
have  not  been  found  in  infected  clam  tissue,  these  findings  suggest 
that  direct  infection  by  zoospores  occurs  in  hard  clams  resulting  in 
growth  of  vegetative  forms  in  clam  tissue. 

This  work  is  identified  as  Hatch  Project  No.  32100  and  paper 
No.  32100-4-97  by  the  New  Jersey  Agricultural  Experiment  Sta- 
tion. Supported  in  part  by  the  Cape  Cod  Economic  Council  and  by 
the  Northeastern  Regional  Aquaculture  Center  at  the  University  of 
Massachusetts.  Dartmouth,  through  Grant  No.  92-38500-7142. 
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EFFECTS  OF  PLANTING  DENSITY  AND  DEPTH  ON 
PROLIFERATION  OF  QPX  IN  HARD  CLAMS.  John  N. 
Kraeuter,  Susan  Ford,  and  Robert  Barber,  Rutgers  University, 
Haskin  Shellfish  Research  Laboratory,  Port  Norris,  NJ  08349: 
George  Mathis,  Mathis  and  Mathis  Enterprises,  Egg  Harbor.  NJ 
08251 

To  determine  the  effect  of  planting  density  and  location  on 
QPX  di.sease  development.  1995  year  class  hatchery  produced 
clams  were  deployed  at  intertidal  and  subtidal  sites  near  Great  Bay, 
NJ.  At  each  site,  we  planted  the  clams  in  1  m"  plots  at  3  densities 
(215,  430  and  860  per  plot)  using  a  3  x  3  Latin  Square  design.  The 
lowest  density  was  based  on  that  typical  for  commercial  clam 
aquacuhure  of  this  size  clam.  The  experimental  clams  were  from 
a  cohort  that  had  been  purchased  from  a  southern  hatchery  at  about 
1  mm  and  reared  in  New  Jersey  until  planting  size.  These  clams 
experienced  a  mortality  sometime  in  the  winter  of  1996/97  and 
were  found  to  be  infected  with  QPX  in  March  of  1997.  Clams  were 
sampled  for  mortality,  growth,  size,  condition  and  QPX  levels 
prior  to  the  experimental  planting  in  July,  and  for  mortality, 
growth  and  QPX  levels  after  2  months.  At  the  end  of  November  (4 
months)  the  intertidal  location  was  completely  sampled  and  ter- 
minated. Mortality,  growth,  condition  index  and  QPX  levels  were 
analyzed. 

Mortality  increased  between  September  and  November  in  the 
intertidal  plot,  but  not  in  the  subtidal.  Clams  at  all  densities  grew 
equally  well.  The  condition  index  dropped  from  planting  to  No- 
vember (intertidal),  but  there  were  no  density  effects.  Weighted 
prevalence  of  QPX  increased  from  planting  to  November,  but  there 
were  no  effects  due  to  density  or  location.  A  plot  of  New  Jersey 
stock  clams  that  had  been  planted  near  the  southern  stock  in  1995 
were  sampled  in  November.  These  local  clams  had  not  experi- 
enced excessive  mortality  and  were  significantly  less  infected  with 
QPX  than  the  southern  stocks.  Anecdotal  evidence  from  at  least  4 
other  NJ  growers  indicates  they  too  experienced  high  mortality 
with  1995  southern  stocks  when  compared  with  local  seed.  The 
data  to  date  suggest  low  transmission  rates  and  a  possibility  of 
some  form  of  environment/genotype  interaction. 

Supported,  in  part,  through  grants  to  R.  Smolowitz  Northeast 
Regional  Aquaculture  Center  at  the  University  of  Massachusetts 
Dartmouth,  (#  96-38500-3032),  and  from  the  Cooperative  State 
Research  Education,  and  Extension  Service  of  the  United  States 
Department  of  Agriculture.  This  is  Publication  No.  98-09  of  the 
Institute  of  Marine  and  Coa.stal  Sciences  at  Rutgers  University. 

THE  EFFECTS  OF  AN  EXPERIMENTAL  ALGAL  DIET  OF 
TETRASELMIS  STRIATA  (PLAT-P)  AND  DICRATERIA  SP. 
(CCMP459)  ON  THE  GROWTH  OF  LARVAL  BAY  SCAL- 
LOPS ARGOPECTEN  IRRADIANS.  Melissa  Anne  Krupski, 

Southold  High  School,  Oaklawn  Avenue,  Southold,  NY  11971; 
Kim  W.  Tetrault,  and  R.  Michael  Patricio,  Cornell  Cooperative 
Extension-Suffolk  County  Marine  Program,  3690  Cedar  Beach 
Road,  .Southold,  NY  11971. 


Three  experimental  feeding  regimes  were  tested  on  the  lar- 
val bay  scallop.  Argopecten  irradians,  in  order  to  examine  the 
gross  effects  of  setting  time  and  size  on  a  production  scale.  Past 
studies  have  shown  that  the  algal  species  Dicrateria  sp.. 
(CCMP459)  promotes  faster  larval  setting  rate  at  a  smaller 
size,  most  likely  due  to  the  strain's  high  level  of  essential  fatty 
acid;  the  high  lipid  Tetrciselmis  striata,  (Plat-P)  has  been  shown 
to  support  fast  growth  in  post-set  scallops.  It  is  possible  to  alter 
and  maximize  the  efficiency  of  the  algal  production  according 
to  the  needs  of  the  hatchery  because  Plat-P  has  a  packed-cell 
density  that  is  three  times  greater  than  flagellates  at  the  same  cell 
concentration  and  volume.  This  study  examined  the  use  of  these 
experimental  algal  feeds  using  a  standard  production  protocol, 
while  maintaining  a  precisely  controlled  daily  packed-cell  feeding 
ration. 

400-liter  conicals  were  stocked  at  one  million  larvae  each 
and  fed  replicate  pack-cell  rations  of  the  following  algal  com- 
binations: Treatment  #1,  100%  CCMP439  from  day  1  to  13; 
Treatment  #2.  50%  CCMP459  and  50%  Isochrysis  galhana. 
(T-lso)  from  day  1  to  13;  Treatment  #3,  100%  CCMP459  from 
day  1  to  day  4  and  then  50%  CCMP459  and  50%  Plat-P  from 
day  5  to  13.  Pack-cell  ration  was  set  at  40.000  cells/ml,  volume 
was  adjusted  on  a  daily  basis  to  compensate  for  variable  cell  den- 
sities. The  volume  of  the  daily  feed  ration  was  equalized  for  the 
three  treatments  using  a  conversion  supplied  by  Milford  Labora- 
tory. 

Results  from  these  test  rations  showed  that  Treatment  #1  pro- 
duced the  highest  mortalities  and  smallest  post-larval  size  at  11-13 
days  with  0%  reaching  a  size  of  425  |xm:  however,  the  rate  of 
metamorphosis  was  not  affected.  Treatment  #2  promoted  adequate 
growth  through  metamorphosis  and  post-set  survival  with  10-20% 
reaching  a  size  of  425  ixm.  Treatment  #3  proved  to  be  the  most 
successful  regime,  with  upwards  of  75%  of  the  larvae  reaching  a 
size  of  425  p.m  in  11-13  days.  The  rate  of  metamorphosis  at  which 
larvae  reached  a  size  of  212  p,m  remained  equal  in  all  treatments 
at  7-9  days. 

Feeding  CCMP459  to  early  larvae,  and  including  Plat-P 
in  the  later  larval  stage  and  subsequent  post-set  stage  of  scal- 
lops can  be  beneficial  m  a  hatchery.  These  two  algal  species 
contain  high  levels  of  fatty  acids  and  lipids  which  are  utilized 
by  the  larvae  to  successfully  metamorphose  and  achieve  a  large 
post-set  size  in  a  short  amount  of  time,  therefore,  this  allows 
the  juvenile  scallop  to  be  acclimated  to  raw  seawater  in  the  nur- 
sery at  an  earlier  time.  Moreover,  this  will  allow  the  scallops  to 
capitalize  on  the  abundant  algal  source  during  natural  blooms. 
Future  studies  will  explore  a  mixed  algal  diet  of  T-Iso  and 
CCMP45y.  including  a  Telraselinis  strain  at  day  5  as  in  Treat- 
ment #3.  We  will  also  include  the  use  of  a  spectrophotometer  to 
determine  algal  cell  counts  in  order  to  eliminate  the  time  con- 
suming manual  cell  coiinls  and  optimize  the  use  of  the  algae 
produced. 
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OYSTER  CULTURE  AND  MARKETING  IN  EASTERN 
MEXICO.  Clyde  L.  Mackenzie.  Jr.,  USDOC.  NOAA.  National 
Marine  Fisheries  Service.  Northeast  Fisheries  Science  Center. 
James  J.  Howard  Manne  Sciences  Laboratory-.  Highlands.  NJ 
07732. 

The  oyster  {Crassostrea  vlrgi)iica)  industry  in  eastern  Mexico 
is  substantial  in  size  with  recent  production  ranging  between 
600.000  and  1.000.000  bushels  a  year.  The  oysters  are  harvested 
by  hand  and  with  hand  tongs  in  a  .series  of  coastal  lagoons.  At  least 
90%  of  the  oysters  are  shucked. 

The  principal  oyster  culture  method  consists  of  fishermen  re- 
turning shells  to  the  beds,  an  action  mandated  by  the  Federal 
Government.  In  the  southern  lagoons,  fishermen  follow  a  plan  of 
harvesting  all  the  oysters  from  selected  beds  and  then  spreading 
shells  over  them  to  collect  spat  and  begin  a  new  crop.  They  then 
move  to  the  next  bed  of  oysters  and  repeat  the  procedure. 

Hanging  necklaces  of  oyster  shells  as  cultch  is  also  practiced. 
The  shucked  oysters  are  sold  in  clear  plastic  bags  holding  various 
quantities  from  100  to  1,000  meats/bag.  They  are  distributed 
throughout  Mexico  and  are  eaten  mostly  in  cocktails.  Oyster  pro- 
duction is  limited  by  available  markets  and  not  by  available  sup- 
plies in  the  lagoons. 

OYSTER  HABITAT  ESTABLISHMENT  AND  THE  UTILI- 
ZATION OF  REMOTE  SETTING  TECHNIQUE.  Thomas  A. 

Marcotti,  Town  of  Barnstable.  MNRD.  Centerville.  MA  02632; 
Richard  A.  Kraus,  Aquacultural  Research  Corporation,  Dennis, 
MA  02638. 

The  Town  of  Barnstable.  Massachusetts  Natural  Resources  Di- 
vision and  Aquacultural  Research  Corporation  of  Dennis,  Ma.  un- 
dertook a  public/private  partnership  project  in  an  attempt  to  en- 
hance the  shellfishery  of  the  Town  of  Barnstable.  The  scope  of  the 
project  is  to  establish  an  oyster  habitat  in  Barnstable  utilizing 
standard  remote  setting  techniques.  From  Barnstable  Harbor  oys- 
ters used  as  spawning  stock.  10.5  million  competent  eyed  oyster 
larvae  were  introduced  into  a  setting  tank  containing  in  excess  of 
65,000  whole  oyster  shell  valves.  From  late  June  through  Septem- 
ber standard  intertidal  rack,  bag  and  tray  methods  were  used  at 
Barnstable  Harbor  nursery  sites.  By  November  an  estimated  aver- 
age recruitment  of  13  oysters  per  shell  valve  resulted  in  several 
hundred  thousand  oysters  produced  at  the  sites  (oyster  size: 
35mm-60mm-i-  at  the  Scudder  Lane  nursery  site).  Approximately 
40  cubic  yards  of  fragmented  surf  clam  and  ocean  quahog  shell 
were  evenly  distributed  over  a  600  ft.  x  50  ft.  subtidal  area  to 
create  a  suitable  substrate  for  the  set  oysters,  which  were  evenly 
dispersed  over  the  site  during  early  October.  The  habitat  site  will 
be  monitored  in  order  to  determine  the  long  term  survival  of  the 
introduced  oysters  and  the  viability  of  the  constructed  oyster  habi- 
tat. 

The  goals  of  the  project  are:  (1)  to  create  a  public/private  in- 
dustry partnership  to  research,  develop  and  incorporate  standard 
remote  setting  techniques  as  a  method  of  annually  introducing  and 


establishing  significant  oyster  populations  into  the  Town's  waters 
for  sustainable  long  term  public  shellfishery  enhancement,  (2)  to 
educate  the  general  public  and  aquaculturists  to  the  potential  ben- 
efits of  utilizing  remote  .setting  techniques.  (3)  to  increase  the 
economic  potential,  species  diversification  and  preservation  of  the 
Town's  shellfishery,  (4)  to  contribute  findings  from  this  project  to 
the  general  public  and  the  aquaculture  industry. 

The  Woods  Hole  Oceanographic  Institution  Sea  Grant  Program 
and  the  Cape  Cod  Cooperative  Extension  held  a  lecture  and  dem- 
onstration workshop  on  the  remote  setting  of  oysters  during  Au- 
gust of  1997  at  the  W.H.O.I.  shore  lab.  Woods  Hole.  Ma.  The 
workshop,  sponsored  by  the  Southeast  Massachusetts  Aquaculture 
Center,  made  available  to  the  general  public  information  about  the 
project  and  remote  setting  techniques.  The  project  was  funded  by 
the  Massachusetts  Division  of  Marine  Fisheries.  Barnstable 
County  and  the  Cape  Cod  Economic  Development  Council  and 
greatly  assisted  by  the  Aquaculture  Division  of  the  Connecticut 
Department  of  Agriculture. 

FUNGAL  DISEASES  IN  AQUACULTURE:  RECENT  OB- 
SERVATIONS IN  LARVAL  BIVALVES.  Christopher  Mar- 
tin, USDOC.  NOAA,  National  Marine  Fisheries  Service,  North- 
east Fisheries  Science  Center.  Milford  Laboratory.  Milford.  CT 
06460. 

The  occurrence  of  fungi  in  marine  and  estuarine  habitats  is 
more  widespread  than  commonly  recognized.  In  concert  with 
many  other  microorganisms  they  contribute  to  the  recycling  of 
nutrients  in  waters  and  sediments  through  decomposition  of  plant 
and  animal  debris.  They  play  this  role  in  all  marine  habitats  from 
shallow  coastal  waters  to  abyssal  depths  and  are  known  in  Arctic 
and  Antarctic  regions  and  all  temperate  and  tropical  waters  of  the 
world.  A  wide  array  of  fungi  are  engaged  in  these  saprophytic 
activities  as  inconspicuous  partners  in  the  essential  task  of  reduc- 
ing complex  organic  matter  to  simpler  chemical  forms  in  the  sea. 
In  this  role  they  are  seen  as  beneficial  actors.  A  few  species, 
however,  have  distinguished  themselves  by  adopting  a  parasitic 
mode  of  life  and  along  with  some  viruses,  bacteria  and  protozoa 
contribute  significantly  to  morbidity  and  mortality  of  marine  plants 
and  animals.  Some  examples  of  such  parasites  will  be  briefly 
reviewed  and  the  consequences  of  their  activities  described  in 
order  to  demonstrate  actual  and  potential  implications  for  maricul- 
ture.  Special  attention  will  be  given  to  a  description  of  some  recent 
observations  of  Sirolpidium  zoophthontm.  a  simple  holocarpic 
phycomycetous  fungus  that  has  appeared  on  several  occasions  in 
cultures  of  larval  lamellibranchs.  Its  recent  isolation  from  infected 
larvae  and  its  subsequent  growth  in  pure  culture  on  artificial  media 
points  to  its  facultative  nutritional  status  and  raises  questions  about 
the  potential  for  other  fungi  to  follow  suit,  i.e.,  opt  for  living  over 
dead  tissues  and  thereby  inflict  serious  harm  on  farmed  plants  and 
animals  and  tho.se  who  husband  them. 

The  earliest  observation  of  Sirolpidium  zoophthonim  made 
over  40  years  ago  showed  that  larval  infections  could  reach  epi- 


360      Abstracts.  Febraary  1998 


Milt'ord  Aquaculture  Seminar.  Miltbrd,  Connecticut 


zootic  proportions  under  laboratory  conditions  .  Mortality  ap- 
proached 100<7r  in  some  affected  cultures.  Recently,  we  found 
small  numbers  of  parasitized  bay  scallop  larvae  in  experimental 
hatchery  populations.  Moreover,  we  have  successfully  isolated  the 
parasite  from  affected  larvae  using  a  nutrient-enriched  seawater 
medium.  Growth  at  room  temperature  was  rapid  with  the  produc- 
tion in  7~I0  days  of  mature  spherical  or  lobose  zoosporangia  con- 
taining numerous  bitlagellate  and  highly  active  spores.  Zoospore 
release  was  spontaneous,  the  spores  leaving  through  variable 
length  exit  tubes.  Clonal  pure  cultures  have  been  maintained  on 
artificial  medium  for  several  months.  In  preliminary  experiments, 
using  suspensions  of  recently  released  zoospores  from  these  cul- 
tures, it  has  been  possible  to  induce  infection  of  larval  bay  scal- 
lops, thus  confirming  parasitism  in  this  marine  fungus. 

CULTURE  OF  TAUTOG  IN  A  RECIRCULATING  SEAWA- 
TER SYSTEM.  Renee  Mercaldo-Allen,  Dean  Perry,  and  Stacy 
Burgh,  USDOC,  NOAA,  National  Marine  Fisheries  Service, 
Northeast  Fisheries  Science  Center,  Milford  Laboratory.  Milford, 
CT  06460. 

Tautog  {Tautoga  onitis)  were  cultured  to  the  juvenile  stage  in 
six  300-gallon,  cone-bottomed  tanks.  Seawater  was  recirculated 
thiough  a  biological  filter  and  returned  to  the  tanks  using  an  air-lift 
system.  Replicate  tanks  were  stocked  with  tautog  eggs  at  one  of 
three  densities:  15,  30,  or  45  per  liter.  Larval  fish  were  fed  rotifers 
{Bnichioinis  plicatilis)  from  hatch  through  3  weeks  old.  Brine 
shrimp  (Artemia  nauplii)  were  introduced  to  I -week-old  fish. 
Adult  brine  shrimp  were  added  to  the  diet  at  3  weeks  and  contin- 
ued through  6  months.  Rotifers  and  brine  shrimp  were  fed  Nan- 
nochloropsis  (UTEX  2341 )  and  Isochiysis  sp.  (T-ISO  and  C-ISO) 
algae  for  24  hours  before  they  were  fed  to  the  tautog.  These  algae 
enriched  the  live  foods  with  the  N-3  and  N-6  series  of  highly 
unsaturated  fatty  acids  (HUFAs).  which  are  known  to  promote 
good  growth  and  survival  of  larval  marine  fish.  In  addition  to  the 
live  foods,  an  80-200  |a,m  commercial  diet  (Lansy^M)  was  intro- 
duced to  2-week-old  fish.  Survival  of  tautog  through  the  yolk-sac 
stage  to  metamorphosis  exceeded  results  obtained  previously  in 
static-bucket  culture  and  static-green-water  culture  systems. 

CULTURE  OF  OYSTERS  IN  FLOATING  TRAYS  IN  VIR- 
GINIA: OVERVIEW  AND  APPLICATIONS.  Francis  X. 
O'Beirn,  Jake  A.  Taylor,  and  Mark  L.  Luckenbach.  Virginia 
Institute  of  Marine  Science-Eastern  Shore  Laboratory. 
Wachapreague,  VA  23480. 

The  development  of  aquaculture  in  Virginia  has  focused  pri- 
marily upon  the  development  of  stocks  tolerant  to  Dermo  expo- 
sure. This  has  been  carried  further  with  the  ongoing  development 
of  stocks  resistant  to  both  MSX  and  Dermo.  In  addition,  the  stocks 
have  been  handled  such  that  exposure  to  disease  causing  organ- 
isms has  been  limited  either  by  selecting  faster  growing  oy.sters  or 
vnrying  the  temporal  and  spatial  aspects  of  deployment  therefore. 
ensuring  some  degree  of  refuge.  Rapid  growth  can  also  be  aided  by 


prudent  site  selection  and  development  of  efficient  containment 
systems.  A  means  of  culturing  oysters  using  floating  cages  has 
been  developed  at  VIMS.  A  standard  float  measures  2'  wide,  8" 
long  and  I"  deep.  The  float  utilizes  1'"  galvanized  wire  ( 16  gauge). 
A  4"  diameter  PVC  collar  attached  by  cable  ties,  encompasses  the 
entire  float.  This  ensures  adequate  floatation  of  the  system  and 
contents.  A  hardware  cloth  lid  stretched  across  the  top  of  the  cage 
by  elastic  cords  prevents  excessive  algal  build-up  within  the  cage 
and  consequently  on  the  animals.  The  floats  are  typically  anchored 
to  flxed  structures  such  as  docks  or  stakes  driven  into  the  creek 
bed.  Initial  stocking  densities  depend  entirely  upon  the  size  of  the 
seed  oysters  u.sed,  as  well  as  the  planned  schedule  for  thinning  of 
the  oysters.  Initially,  mesh  bags  are  used  to  contain  the  oysters 
within  the  cage  (the  mesh  sizes  varies  according  to  the  sizes  of  the 
oysters).  Eventually,  the  oysters  can  be  dispersed  freely  within  the 
cage.  Oysters  can  be  grown  to  market  size  (76mm)  at  densities 
ranging  from  1 ,500-2.000  oysters  per  cage.  The  duration  of  culture 
depend  upon  a  number  of  factors,  not  the  least  of  which,  are  local 
growing  conditions  and  schedule  of  maintenance. 

We  outline  two  programs  that  have  successfully  utilized  the 
floating  culture  system  and  the  flexibility  it  confers  upon  the 
grower.  The  first  is  the  oyster  gardening  program  which  was  ini- 
tiated in  1989,  with  a  single  gardener.  Citizens  with  access  to 
approved  waters  have  formed  a  variety  of  cooperatives  to  buy 
sufficient  supplies  of  materials  and  seed  and  have  grown  oysters 
successfully  from  their  own  docks  for  personal  consumption.  Each 
gardener  generally  utilizes  a  single  float  and  has  harvested  be- 
tween 1,000  and  1,500  oysters  within  each  season.  Limitations  to 
the  program  are  a  suitable  supply  of  quality  seed  and  water  quality 
status.  The  supply  problem  associated  with  the  seed  has  been 
overcome  to  some  degree,  by  the  consistently  large  demand  gen- 
erated by  the  cooperatives.  Water  quality  is  dependent  upon  the 
location  and  is  a  persistent  concern  of  all  gardeners. 

The  second  program  that  has  utilized  the  floating  technology 
has  been  a  waterman  retraining  project  on  Atlantic  shore  of  Vir- 
ginia. Ten  individuals  were  each  supplied  with  150,000  seed  and 
materials  with  which  to  grow  oysters  to  market  size.  They  were 
instructed  on  the  construction  and  deployment  of  the  floats  and  the 
handling  associated  with  the  oysters.  A  provision  was  that  10%  of 
the  market  sized  animals  would  he  returned  to  the  state.  Seed 
deployed  in  July  experienced  good  growth  and  survival.  By  mid- 
October  the  early  seed  had  only  4'y<-  mortality  with  the  majority  of 
the  oysters  greater  than  45mm.  Other  growers  had  less  success 
with  the  seed  produced  one  month  later.  However,  the  poor  per- 
formance cannot  be  attributed  solely  to  seed  quality  as  growout 
areas,  fouling,  lack  of  technical  assistance  and  the  novice  status  ol 
the  growers  were  undoubtedly  contributing  factors.  Given  the  re- 
sults of  the  retraining  project,  the  continued  development  of  the 
oyster  ac|uacullurc  induslry  in  Virginia  will  focus  heavily  on  stock 
management/selection  as  well  as  handling  protocols  specific  to  the 
needs  of  the  grower. 


Miltoid  AquaL'Lilline  Scniinai.  Miltoid.  ConiicclKUl 


Ahslnicis.  February  I99X      3(il 


DEVELOPMENT  AND  APPLICATION  OF  MULTIPLEX 
PCR  FOR  SCREENING  OF  SHELLFISH  PATHOGENS. 
Suledad  Penna  and  Richard  A.  French,  University  of  Connecti- 
cut. Department  of  Pathobiology.  61  N.  Eagleville  Rd.,  Storrs,  CT 
06269;  John  Volk.  John  Karolus,  and  Inke  Sunila.  Connecticut 
Department  of  .'\gnculture.  Bureau  of  Aquaculture.  P.O.  Box  97. 
Milford.  CT  06460. 

New  England  and  specifically  Connecticut  have  seen  an  in- 
crease in  oyster  production  while  most  of  the  Atlantic  coast  has 
experienced  a  decline  during  the  past  decades.  The  decline  along 
the  Atlantic  coast  has  been  due  mainly  to  disease,  particularly 
Haplosporidiuiu  nelsoni  (MSX)  and  Perkinsus  marinus  (Dermo). 
Presently,  the  monitoring  of  oyster  populations  for  pathogens  is 
infrequent  and  no  routine  surveillance  is  performed  due  to  the 
dependence  on  histopathology  for  H.  nelsoni.  Haplosporidinm 
costale  (SSO)  and  the  Ray/Mackin  assay  for  P.  imiriniis.  The 
continued  success  of  the  Northeast  as  a  producer  of  shellfish  prod- 
ucts requires  a  practical  means  of  diagnosing  and  monitoring  oys- 
ter diseases.  This  requires  diagnostic  aids  which  are  sensitive, 
rapid,  cost  effective,  and  convenient.  The  present  study  will  in- 
vestigate the  development  of  the  multiplex  PCR  for  application  m 
the  screening  and  surveillance  of  disease  agents  of  the  eastern 
oyster  (Cnissostrea  viriiinica).  Multiplex  PCR  will  allow  for  the 
simultaneous  testing  of  two  or  more  pathogens  in  a  single  test 
reaction  with  a  total  assay  time  of  approximately  twelve  hours  or 
two  working  days.  The  project  design  is  in  3  phases  which  are 
centered  about  the  following  questions:  1)  Can  the  protozoan 
pathogens  [H.  nelsoni  (MSX).  H.  costale  (SSO)  and  P.  marinus 
( Dermo))  of  the  eastern  oyster  be  detected  and  differentiated  in  a 
multiplex  PCR  reaction?  2)  Can  the  multiplex  PCR  be  used  as  a 
quantitative  measure  of  oyster  infection  and  contamination?  .3) 
Can  the  multiplex  PCR  be  applied  to  field  samples  and  provide 
accurate  and  meaningful  data.  Prelnninary  results  have  identified 
three  PCR  primer  sets  which  amplify  564-bp.  150-bp.  and  304-bp 
products  of//,  nelsoni.  H.  coslale.  and  P.  marinus  (Dermo).  re- 
spectively, under  equivalent  conditions.  In  multiplex  reactions. 
products  of  control  cloned  small  subunit  rDNA  of  MSX  and  SSO. 
and  Dermo  DNA  extracts  can  be  differentiated.  Further  testing  is 
in  progress  to  optimize  the  assay.  The  assay  would  be  a  compre- 
hensive, sensitive  and  rapid  tool  for:  i)  diagnostic  testing,  ii)  in- 
vestigation of  point  sources  of  contamination,  iii)  routine  screening 
at  seeding,  harvest  and  various  levels  of  product  handling,  iv) 
surveillance,  inspection  and  certification,  and  v)  research  applica- 
tion. 

RECENT  NEW  INFECTION  OF  MSX  IN  OYSTER  BAY, 
NEW  YORK.  David  Relyea,  Frank  M.  Flower  &  Sons.  Inc..  P.O. 
Box  88.  Oyster  Bay.  NY  1  1771. 

After  a  hiatus  of  over  10  years  MSX  is  back  in  Long  Island 
Sound  at  very  high  levels.  During  the  years  of  1983.  1984.  1985 
MSX  devastated  our  oyster  crop  at  Frank  M.  Flower  and  Sons  with 
mortalities  as  high  as  90%  on  some  beds.  The  Company  was  able 


to  survive  on  the  few  oyster  survivors  and  a  combination  of  hatch- 
ery and  natural  clams.  Resistant  oysters  from  the  bay  in  addition  to 
resistant  Rutgers  broodstock  were  used  to  successfully  restock  our 
beds. 

In  November  of  1996  MSX  was  first  noticed  by  Dr.  Susan  Ford 
in  one  of  our  regular  dermo  samples.  Subsequently,  reports  of 
massive  mortalities  of  natural  oysters  in  nearby  Huntington  and 
Noilhport  Bays  surfaced.  Our  mortalities  in  Oyster  Bay  stayed  low 
until  August  of  1997  when  they  started  to  increase  dramatically. 
They  leveled  off  at  as  high  as  60%  on  some  beds  in  November. 
During  the  fall  reports  came  from  parts  of  Connecticut  that  MSX 
was  becoming  a  problem  there. 

NOAA  FISHERIES  AND  AQUACULTURE,  THE  THIRD 
CENTURY.  Edwin  Rhodes,  USDOC.  NOAA.  National  Manne 
Fisheries  Service.  1315  East-West  Highway.  Silver  Spring.  MD 
20910. 

Aquaculture  has  played  a  significant  role  in  NOAA  Fisheries 
and  its  predecessor  agencies  since  their  origins  in  the  19th  century. 
In  1872  the  US  Fish  Commission,  from  which  NOAA  Fisheries 
descended,  was  given  $15,000  to  begin  and  promote  fish  culture. 
The  continuing  efforts  by  the  agency  in  its  126  year  history  con- 
tributed some  of  the  key  science  in  the  field  of  aquaculture.  in- 
cluding research  that  led  to  the  commercial  development  of 
salmon,  shrimp  and  shellfish  culture. 

Since  the  1980's.  agency  priorities  in  the  area  of  fisheries  man- 
agement, coupled  with  budget  limitations,  have  restricted  the  par- 
ticipation of  NOAA  Fisheries  in  aquaculture.  Very  recently,  aqua- 
culture has  reemerged  as  an  important  consideration  as  NOAA 
Fisheries  plans  for  the  new  century.  This  planning  and  policy 
development  stage  is  critical  because  it  is  through  this  process  that 
agency  priorities  are  set  and  budgets  are  driven.  The  new  NOAA 
Fisheries  strategic  plan,  published  in  May.  1997.  has  as  one  of  its 
objectives  to  ""promote  the  development  of  robust  and  environ- 
mentally sound  aquaculture"  and  outlines  some  specific  goals  in 
the  areas  of  technology  development,  siting,  permitting  and  finan- 
cial assistance.  Partly  based  on  this  plan,  the  Northeast  and  North- 
west Centers  of  NOAA  Fisheries  have  reorganized  to  include 
aquaculture  divisions.  At  the  NOAA  and  Department  of  Com- 
merce level  there  is  an  active  ongoing  process  to  review  and  up- 
date policies  on  aquaculture.  This  policy  and  planning  activity  has 
helped  to  generate  a  new  interest  in  aquaculture.  and  aquaculture 
has  achieved  substantial  visibility  within  the  agency.  The  new 
recognition  within  NOAA  Fisheries  of  the  potential  of  aquaculture 
speaks  to  an  optimistic  future  as  we  enter  the  21st  century. 

AQUACULTURE  IN  DAGUPAN  CITY,  PHILIPPINES:  20 

YEARS  OF  CHANGE.  Michael  A.  Rice,  University  of  Rhode 
Island,  Department  of  Fisheries.  Animal  and  Veterinary  Science, 
Kingston.  RI  02881. 

The  metropolitan  area  of  Dagupan  City,  Pangasinan,  Philip- 
pines ( I6°00'N.  I20°15'E)  is  well  known  for  the  culture  of  bongos 
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or  milkfish,  Chanos  chanos.  The  milkfish  are  typically  grown  in 
traditional  shallow  extensive  ponds  reclaimed  from  mangrove  wet- 
land areas,  using  techniques  widely  used  in  the  area  since  the  19' 
century.  There  are  about  1 1 ,300  hectares  of  extensive  milkfish 
ponds  stocked  typically  at  4,000  fmgerlings/ha,  requiring  minimal 
supplemental  feed,  allowing  a  three-month  growing  period  before 
reaching  market  size  of  400-500g.  In  the  mid-1980s,  some  opera- 
tors began  semi-intensive  culture  of  milkfish  with  stocking  in  ex- 
cess of  25,000  fingerlings/ha  using  aeration  and  prepared  feeds.  A 
few  operators  diversified  their  crops  by  growing  shrimp,  (Peneaus 
monodon)  in  monoculture  with  crop  rotation  or  as  a  polyculture 
species  with  milkfish.  Aquaculture  of  Asian  mangrove  oysters, 
Crassostrea  iredalei,  based  on  collection  of  natural  spatfall  has 
been  important  in  the  estuary.  Data  collected  in  1983  showed  that 
secondary  productivity  of  shucked  oyster  meats  oysters  in  the 
farms  was  2.5  kg  m"-yr"'.  In  1983,  the  culture  of  serranid  groupers 
was  introduced  into  the  estuary  using  floating  cage  techniques,  and 
by  1993,  aquaculture  production  of  groupers  reached  15,000  kg 
yr~'.  Up  until  the  early  1990s,  the  aquaculture  production  in  the 
Dagupan  City  area  could  be  described  as  having  a  high  degree  of 
species  and  technological  diversity  but  a  number  of  events  and 
sociopolitical  changes  affected  the  way  aquaculture  was  to  be  con- 
ducted. Rapid  decline  of  shrimp  culture  600km  to  the  south  led  to 
an  over-capacity  of  aquaculture  feed  production  in  the  country  and 
some  feed  manufacturers  started  to  promote  forms  of  aquaculture 
that  lessened  their  reliance  on  the  sale  of  shrimp  feeds.  Beginning 
in  1991  in  Dagupan,  net  pen  culture  of  milkfish  using  70m'  fish 
pens  stocked  36  fish  m'""  directly  in  the  estuaries  began  to  expand, 
fueled  by  very  high  returns  on  investment.  Grouper  culture  in  the 
estuary  ceased  in  1995  and  between  1993  and  1995  oyster  pro- 
duction in  the  estuary  declined  by  nearly  50%.  By  1996,  in  excess 
of  1,000  registered  fish  pens  in  the  estuary  were  responsible  for 
hypoxia  and  massive  milkfish  kills.  The  severity  of  situation  and 
local  interruption  of  the  fish  supply  precipitated  an  Executive  Or- 
der by  the  President  of  the  Philippines  on  October  17,  1997  which 
mandated  the  removal  of  all  fish  pens  from  the  estuary  until  an 
adequate  procedure  for  limiting  the  density  of  fish  pens  is  insti- 
tuted. This  is  external  publication  3582  of  the  College  of  Resource 
Development,  University  of  Rhode  Island. 

A  METHOD  OF  INCREASING  SURVIVABILITY  OF  HY- 
BRID STRIPED  BASS  IN  RECIRCULATING  AQUACUL- 
TURE. Wilson  S.  Sallum,  Eastern  Fish  Farms  Inc.,  Tiverton,  RI 
02878. 

The  results  of  Eastern  Frsh  Farms  Inc.  funded  research  and 
development  to  increase  Hybrid  Striped  Bass  (HSB)  survivability 
in  biofilter  based  recirculating  aquaculture  is  reported.  An  im- 
proved method  of  introduction  of  HSB  fingerlings  has  resulted  m 
reduced  mortalities  throughout  the  life  of  the  HSB.  The  empirical 
results  are  presented  without  mention  of  pathways,  and  proprietary 
information. 

An  inoculant  composed  of  existing  recirculating  water  was  pre- 


pared by  adding  formalin  at  5  ppm  and  allowed  to  denature  by 
aeration  for  5  days.  The  inoculant  was  diluted  4: 1  and  NaCl  and 
CaCU  added,  5:1,  and  measured  to  a  total  of  10  ppt  by  electrical 
conductivity.  The  inoculant  was  further  aerated  for  2  days,  HSB 
fingerlings  were  added  and  kept  without  food  in  the  inoculant  for 
3  days.  Thereupon  they  were  released  to  the  main  recirculating 
system.  The  resultant  mortality  rates  have  all  been  less  than  2% 
and  markedly  better  than  controls.  An  investigation  of  the  associ- 
ated pathways  could  be  useful. 

FRESH  WATER  POLYCULTURE  OF  CRAYFISH  AND 
SALAD  GREENS.  Ronald  Smolowitz  and  Marie  Cimetti, 

Coonamessett  Farm,  277  Hatchville  Road,  East  Falmouth,  MA 
02536. 

Coonamessett  Farm  is  a  twenty  acre  farming  and  research  en- 
terprise located  on  Cape  Cod.  Over  the  past  year  we  have  designed 
and  tested  a  polyculture  system  as  a  means  to  produce  potted 
bedding  plants,  hydroponic  salad  greens,  and  native  crayfish  (Pro- 
camhtirus  acutus).  The  system  can  operate  in  three  modes;  ebb  and 
fiow,  continuous  recirculating  nutrient  film  technique  (NET),  and 
high  volume  recirculation.  The  design  concept  was  to  develop  one 
system  with  the  flexibility  to  operate  efficiently  in  any  mode  to 
minimize  capital  investment.  A  commercially  viable  operation 
may  entail  utilizing  this  polyculture  system  to  grow  potted  plants 
in  the  spring,  hold  bait  fish  and  crayfish  through  the  summer,  and 
grow  salad  green  through  the  fall  and  winter.  A  pictorial  essay  of 
the  system  components  and  operation  will  be  presented. 

VLVA  LACTUCA  AS  FOOD  SOURCE  FOR  ABALONE  IN  A 
LAND-BASED  INTEGRATED  SYSTEM.  Muki  Shpigel, 
Amir  Neori  and  David  Ben-Ezra,  National  Center  for  Maricul- 
ture,  Israel  Oceanographic  and  Limnological  Research,  Eilat 
88112,  Israel. 

A  novel  "environmentally  clean"  integrated  pilot  system  for 
the  sustainable  culture  of  Seabream,  seaweed  and  abalone  has  been 
examined  at  the  National  Center  for  Mariculture  (NCM)  in  Eilat. 
Clean  sea  water  is  passed  sequentially  into  tanks  stocked  with 
abalone  (Haliotis  discus  hannai).  then  finfish  (Spams  aiirata).  and 
finally  seaweed  (Ulva  lactiica).  before  discharge  back  into  the  sea. 

Fish  feed  was  the  only  source  of  nutrients.  Excretions  and 
unused  nutrients  from  both  the  abalone  and  fish  tanks  were  re- 
moved by  the  seaweed  biofilters,  whose  production  provided  the 
only  nutrition  for  the  abalone.  Each  1  kg  of  cultured  fish  yield 
consumed  2  kg  of  fishfeed  and  was  accompanied  by  the  additional 
yield  of  0.3  kg  of  abalone  and  1.7  kg  of  excess  seaweed. 

In  a  total  nitrogen  budget  of  the  pilot,  20%  was  harvested  as 
abalone,  10%  as  excess  seaweed,  14%  feces  and  the  rest  (about 
50%)  discharged  as  effluent. 

Seaweed  biofilters,  with  their  marketable  abalone  consumer, 
supply  fish  mariculture  and  the  biosphere  with  the  following  im- 
portant benefits:  (1)  a  significant  reduction  of  environmental  pol- 
lution by  intensive  fish  culture;  (2)  reduction  of  harvest  pressures 
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on  the  natural  beds  of  seaweed  and  abalone;  (3)  a  higher  income 
and  a  better  product  diversity  for  the  mariculturist.  Implementation 
of  the  system  requires  technical  expertise,  and  coastal  land  with 
dry  sunny  weather,  conditions  extant  in  many  locations  in  the 
developing  regions  of  the  world. 


PREVALENCE  AND  INTENSITY  OF  PERKINSUS  MARl- 
MS  (DERMO)  IN  THE  NORTHEAST  U.S.  Roxanna 
Smolowitz,  Laboratory  for  Aquatic  Animal  Medicine  and  Pathol- 
ogy, University  of  Pennsylvania.  Marine  Biological  Laboratory. 
Woods  Hole,  MA  02543;  Susan  Ford,  Rutgers  University,  Haskin 
Shellfish  Research  Laboratory.  Port  Norris,  NJ  08349. 

""Dermo""  iPerkinsiis  mahnus)  causes  high  morbidity  and  mor- 
tality in  the  eastern  oyster  (Crassostrea  virginica)  populations 
from  New  Jersey  to  the  Gulf  of  Mexico.  While  Dermo  has  been 
identified  in  many  populations  of  both  cultured  and  wild  oysters  in 
more  northern  locations  on  the  coast,  patterns  of  prevalence  and 
intensity  and  their  association  with  morbidity  and  mortality  in 
northern  oyster  populations  are  not  well  understood. 

Over  the  past  two  years  we  have  continuously  monitored  se- 
lected populations  of  cultured  and  wild  oysters  from  the  Massa- 
chusetts coastline,  south  to  the  Delaware  Bay,  in  an  attempt  to 
determine  Dermo  effects  on  oyster  populations  in  Massachusetts 
as  compared  to  oyster  populations  in  New  York  and  New  Jersey. 
Oysters  were  examined  for  prevalence  and  intensity  of  Dermo 
using  Ray's  Fluid  Thioglycollate  culture  methods:  prevalence  and 
intensity  of  MSX  (Haplosporidium  nelsoni)  using  histopathologic 
examination:  and  cumulative  mortality  using  standard  methods. 
Temperatures  at  these  locations  were  also  monitored. 

Results  show  that  Dermo  does  cause  significant  morbidity  and 
mortality  in  several  cultured  oysters  populations  in  Massachusetts. 
Mortality  is  most  severe  in  the  fall  and  lags  approximately  one 
month  behind  the  highest  prevalence  and  intensity  noted  in  that 
year.  Prevalence  and  intensity  of  Dermo  in  oyster  populations  is 
significantly  reduced  over  the  winter  months,  both  by  death  of 
severely  infected  animals  and  by  significant  decreases  in  preva- 
lence and  intensity  in  the  remaining  animals.  Additionally,  mor- 
bidity and  mortality  were  positively  correlated  with  temperatures. 

In  spite  of  the  mortality  noted  in  Massachusetts  oyster  popu- 
lations, intensity  of  the  disease  and  mortality  never  reached  the 
levels  found  in  the  New  Jersey  animals.  While  MSX  was  present 
in  some  of  the  oyster  populations  examined  from  Massachusetts,  in 
the  years  of  this  study,  it  did  not  appear  to  cause  significant  mor- 
talities. 

These  findings  show  that  Dermo  is  an  important  disease  of 
eastern  oysters  in  Massachusetts.  Significant  morbidity  and  mor- 
tality occurs  and  varies  positively  with  the  occurrence  of  long 
warm  summers  and  warm  winters  in  the  area.  This  study  shows 
that  by  monitoring  temperatures,  the  aquaculturist,  shellfish  biolo- 
gist and  constable  could  anticipate  years  of  high  morbidity  and 
mortality  due  to  Dermo  infections.  Additionally,  removal  of  dead 


and  dying  animals  from  a  population  would  help  to  reduce  the 
spread  of  the  disease  especially  in  late  summer  periods. 

SELECTION  STUDIES  ON  GROWTH  AND  SURVIVAL  OF 
BAY  SCALLOPS  (ARGOPECTEN  IRRADIANS)  FROM 
LONG  ISLAND  SOUND.  Sheila  Stiles,  Joseph  Choromanski, 
and  Christopher  Cooper,  USDOC,  NCAA,  National  Marine 
Fisheries  Service,  Northeast  Fisheries  Science  Center,  Milford,  CT 
06460. 

Selection  studies  are  underw  ay  to  investigate  genetic  responses 
for  improving  growth  and  survival  of  bay  scallops  (Argopecten 
irradians)  from  Long  Island  Sound  through  breeding.  Previous 
findings  from  early  responses  to  selection  for  growth  indicated 
variation  among  several  lines,  with  some  modest  gains.  Several 
reasons  were  given  for  the  range  in  early  responses,  including 
stage  and  age  of  scallops  at  the  time  of  selection,  the  selection 
differential,  inbreeding,  density  and  other  culture  factors. 

Subsequent  measurements  on  the  growth  and  survival  of  scal- 
lops from  the  same  lines  at  a  later  time  in  development  demon- 
strated some,  but  less  variability  in  the  responses  among  the  lines. 
Responses  in  the  progeny  are  best  measured  at  the  same  stage  or 
age  as  when  the  parents  were  selected.  Measurements  also  pro- 
vided more  definitive  information  that  density-dependence  was  a 
critical  factor  in  evaluating  responses.  Preliminary  results  from 
breeding  the  F,  generation  suggest  that  interaction  with  survival 
may  be  a  more  important  factor  in  selecting  scallop  populations 
than  selecting  for  growth  alone.  For  example,  mortality  was  ob- 
served among  the  smallest  and  the  largest  scallops  of  some  lines, 
thus  the  mean  size  of  the  survivors  in  the  groups  or  sublines  was 
similar.  This  could  be  connected  with  genotype-related  mortality 
which  was  suggested  from  genetic  population  analyses  employing 
allozymes.  Progeny  of  the  next  generation  currently  in  early  phases 
of  growth  should  further  elucidate  responses  to  selection. 

THE  ULTRASTRUCTURE  OF  CULTURED  PERKINSUS 
MARINUS  CELLS.  Inke  Sunila,  Connecticut  Department  of  Ag- 
riculture, Bureau  of  Aquaculture,  P.O.  Box  97,  Milford,  CT  06460: 
Rosalee  Hamilton  and  Christopher  Dungan,  Maryland  Depart- 
ment of  Natural  Resources,  Cooperative  Oxford  Laboratory,  904 
S.  Morris  Street,  Oxford,  MD  21654. 

The  ultrastructure  of  Perkitisus  inarinus  in  vivo  has  been  pre- 
viously described  in  detail.  The  classification  of  the  parasite  to  the 
phylum  Apicomplexa  is  based  on  ultrastructural  characteristics  of 
zoospores,  such  as  the  apical  complex,  micropores,  rhoptries,  mi- 
cronemes  and  the  subpellicular  complex.  This  presentation  is 
based  on  a  cell  culture  maintained  at  the  Cooperative  Oxford 
Laboratory  (ATCC  number  50439),  and  provides  the  first  descrip- 
tion of  the  ultrastructure  of  cultured  P.  marinus  cells. 

P.  marinus  cells  were  isolated  from  the  hemolymph  of  an  in- 
fected Chesapeake  Bay  oyster  ( Crassostrea  virginica)  and  propa- 
gated in  vitro  at  28  °C  in  800  mOsm  DME/Ham's  F12  medium 
(DME/F12).  Six  samples,  representing  different  stages  of  the  veg- 
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etative  cell  cycle  of  the  parasite,  were  collected  during  a  period  of 
one  week.  Zoosporulation  was  produced  by  transferring  hypno- 
spores  enlarged  in  Ray's  Fluid  Thioglycollate  Medium  to  DME/ 
F12  medium.  Cells  were  harvested  by  centrifugation  and  fixed 
with  2.5%  glutaraldehyde  (pH  7  in  sodium  cacodylate  buffered 
20%o  artificial  seawater).  Cells  were  embedded  in  agarose,  post- 
fixed  in  OsOj.  dehydrated  in  graded  ethanol  and  propylene  oxide 
and  embedded  in  EMBED  812  epoxy  resin.  Thick  sections  were 
stained  with  Methylene  Blue-Azure  ll/Basic  Fuchsin  stain  and  thin 
sections  with  uranyl  acetate  and  lead  citrate.  Sections  were  viewed 
under  a  JEOL  1200  TX  TEM  operatmg  at  60  kV. 

Schizonts  were  composed  of  several  daughter  cells,  which  were 
inside  a  common  mother  cell  wall.  Each  daughter  cell  had  a 
nucleus  with  a  prominent  nucleolus  and  a  nuclear  membrane  with 
distinct  nuclear  pores  and  a  wide  perinuclear  space.  There  was  a 
vacuole  with  small  lipid  droplets  and  several  mitochondria  with 
tubular  cristae.  As  meronts  enlarged,  an  electron  dense  vacuoplast 
developed  inside  the  vacuole.  The  vacuoplast  was  connected  to  the 
cytoplasm  with  several  tubules,  which  intertwined  inside  the  cell 
and  contained  smaller  lipid  droplets.  There  were  vesicular  struc- 
tures by  the  cell  walls  (lomasomes).  A  well-defined  structure, 
composed  of  folded  cell  wall,  was  located  at  one  end  of  the  en- 
larged meronts.  giving  them  a  polar  appearance.  Several  cell  di- 
visions from  two  to  multicellular  stages  were  detected.  During 
binary  fission  the  mother  cell,  encapsulated  within  a  thick  cell 
wall,  budded  apart  from  the  daughter  cell,  which  was  surrounded 
only  with  the  cell  membrane.  A  constriction  point  between  the  two 
cells  was  encircled  with  microtubules.  Rare  endomitotic  .stages 
with  chromatin  condensation  were  observed.  Large  zoosporangia 
(80  ixm)  contained  numerous  prezoospores  within  a  thick  wall. 
Each  prezoospore  had  a  vacuole,  a  round  mitochondrion  and  fla- 
gella.  which  appeared  in  several  longitudmal  and  cross-sections  in 
the  preparations.  This  material  revealed  several  previously  unde- 
scribed  characteristics  of  P.  marinus  cells  due  to  the  abundance  of 
cultLired  cells  on  each  section  (over  12.000  cells  studied). 

DESIGN  OF  A  RECIRCULATINC  NURSERY  CULTURE 
SYSTEM  FOR  THE  BAY  SCALLOP.  ARGOPECTEN  IRRA- 
DIANS  IRRADIANS.  James  C.  Widinan  .Jr.,  USDOC,  NCAA, 
National  Marnie  Fisheries  Service.  Northeast  Fisheries  Science 
Center.  Milford  Laboratory,  Milford.  CT  06460. 

Recirculating  systems  are  being  used  in  many  finfish  aquacul- 
ture  ventures;  however,  their  use  in  shellfish  hatcheries  has  been 
limited.  An  experimental  shellfish  recirculating  nursery  system 
was  designed  to  explore  the  efficiency  of  four  different  biological 
filters.  It  will  be  an  "open"  system  with  the  addition  of  at  least 
10%  replacement  water  each  day.  Each  recirculating  system  will 
be  composed  of  a  biofilter,  UV  disinfection,  .solids  removal  unit, 
and  protein  skimmers  to  maximize  water  quality. 

The  four  types  of  bio  filters  under  examination  will  be:  tluid- 
ized  sand  bed,  rotating  biological  contact,  iiquaaihe  and  hio-conl. 
Initially  the  system  will  he  used  to  explore  the  growth  of  bay 


scallops.  Arf>(>pecten  inudians  irradians.  A  typical  off-the-shelf 
personal  computer,  with  the  addition  of  a  few  data  acquisition 
cards,  will  be  used  to  monitor  and  assist  in  managing  the  system. 
Process  control  technology  will  be  applied  to  minimize  human 
intervention  (labor  costs)  throughout  the  grow-out  period.  Food 
consumption  will  be  monitored  in  order  to  track  food  conversion 
efficiency  ratios.  Waste  production  will  be  monitored  and  modeled 
in  order  to  maximize  stocking  densities  of  the  system  while  mini- 
mizing filtration  needs. 

To  increase  stocking  densities,  we  will  attempt  to  minimize 
periodic  ammonia  peaks  based  on  the  data  that  are  collected.  Man- 
agement of  the  system  with  neural  networks  or  fuzzy  logic  will  be 
explored  once  enough  empirical  data  are  collected.  Commercial 
controllers  and  their  conversion  for  use  in  the  system  will  be 
presented.  Data  gathered  from  these  experiments  will  be  incorpo- 
rated into  an  economic  model  to  determine  commercial  feasibility. 
A  brief  review  of  the  cun"ent  state  of  bay  scallop  culture  in  New 
England  will  be  presented  along  with  the  hurdles  that  need  to  be 
overcome  to  allow  a  single-season  crop. 

FEEDINt;  RATION  AND  REGIME  AS  FACTORS  CON- 
TROLLING GROWTH  RATE  AND  CONVERSION  EFFI- 
CIENCY OF  BAY  SCALLOPS.  Gary  H.  Wikfors.  Jennifer  H. 
Alix,  Mark  S.  Dixon,  and  Barry  C.  Smith.  USDOC,  NOAA, 
National  Marine  Fisheries  Service,  Northeast  Fisheries  Science 
Center.  Milford  Laboratory.  Milford,  CT  06460. 

Intensive  bay  .scallop  nursery  seed  production  requires  that  we 
balance  the  cost  of  feeding  young,  seed  scallops  and  the  value  of 
scallops  at  point  of  sale.  Having  identified  practical  diets  for  post- 
set  bay  scallops,  high-lipid  strains  of  Tetraselmis.  we  now  turn  our 
attention  to  feeding  ration  (how  much)  and  regime  (how  often). 
We  have  focused  on  two  response  variables  to  experimental  feed- 
ing rations  and  regimes — growth  rate  and  conversion  efficiency, 
i.e.,  the  percentage  of  feed  that  is  incorporated  into  tissue  growth 
of  the  animal  being  fed.  Fast  growth  minimizes  the  fixed  costs  of 
operating  the  nursery,  and  high  conversion  efficiency  minimizes 
total  feed  requirements.  Theoretically,  growth  is  fastest  at  highest 
feed  inputs,  but  conversion  efficiency  is  greatest  at  near-starvation 
feeding;  therefore,  economical  nursery  production  of  bay  scallops 
on  cultured  algal  feeds  will  require  a  careful  compromi.se  between 
scallop  growth  rate  and  feed  conversion  efficiency. 

Two  experiments  of  factorial  design  were  conducted  to  inves- 
tigate the  combined  effects  of  feed  ration  and  regime  upon  growth 
and  conversion  efficiency  of  young  scallops.  In  the  first  experi- 
ment, rations  of  0.1,  1.0.  and  10%  of  scallop  li\e  weight  in  dry 
weight  of  algal  feed  (.'^();30  mix  of  PLY429  and  PLAT-P)  were  fed 
at  regimes  of  2,  4,  or  16  feedings  per  day.  Rations  were  adjusted 
each  week,  depending  upon  measured  scallop  live  weights.  Live- 
weight  growth  of  600  mg  scallops  over  .3  weeks  was  insignificant 
at  the  lowest.  0.1%  ration,  in  the  range  of  4%  growth  per  week  at 
the  1%  ration,  and  significantly  hetter  at  14%  growth  per  week  at 
the  10%  ration.  Interestingly,  ANOVA  revealed  no  significant  ef- 
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feet  of  feeding  regime  upon  growth  in  this  experiment,  hut.  a 
statistieail) -significant  effect  of  the  interaction  lemi — ration  and 
regime  combined — upon  growth.  In  other  words,  growth  response 
to  different  feeding  regimes  is  dependent  upon  how  much  feed  is 
provided.  Conversion  efficiencies  on  the  lOVr  ration  were  in  the 
range  of  only  4%  of  algal  feed  converted  to  scallop  tissue,  but 
significantly  higher — about  8%  conversion — on  the  lower.  F/r 
feeding  ration  for  these  20+  mm  scallops. 

In  the  second  experiment,  a  narrower  range  of  rations — I.  2.  5. 
and  10%  of  scallop  live  weight  in  dry  weight  of  algae — was  tested 
at  regimes  of  2.  4,  and  16  feedings  per  day  for  four  weeks  using 
smaller,  50  mg  live-weight  (about  4  mm)  scallops.  A  growth  rate 
in  the  range  of  150%  per  week  was  obtained  with  the  best  feeding 
regime/ration  combination — the  5%  ration  fed  in  16  daily  feed- 
ings. The  least  growth  was  obtained  with  the  lowest  ration  fed  at 
the  2  per  day  regime.  Statistical  effects  upon  grow  th  of  both  ration 
and  regime — and  once  again  the  interaction  term — were  signifi- 
cant, confirming  the  previous  findnig  that  the  "right""  feeding 
regime  is  dependent  upon  the  ration.  Conversion  efficiencies 
ranged  from  nearly  25%  feed  conversion  in  scallops  fed  the  1% 
ration  to  8%  feed  conversion  in  scallops  fed  the  10%  ration.  Note 
that  conversion  efficiencies  are  higher  in  the  smaller  scallops  used 
in  this  second  experiment,  as  compared  with  the  larger  scallops 
tested  earlier. 

Findings  of  these  experiments  demonstrate  the  interdependence 
of  feeding  ration  (how  much)  and  regime  (how  often)  in  control- 
ling both  growth  and  conversion  efficiency  of  post-set  bay  scal- 
lops. Moreover,  practical  guidelines  are  provided  for  determining 


effective  and  economical  feeding  rations  and  regimes  for  intensive 
scallop  seed  production. 

YIELDS  AND  RATES  OF  PHOTOAUTOTROPHIC  REAC- 
TIONS. Loy  Wilkinson,  Coastal  BioMarine.  Bridgewater,  CT 

06752. 

A  useful  analytical  method  for  the  design  of  commercial  pho- 
tobioreactors  does  not  exist  as  it  does  for  chemical  reactors  and  for 
heterotrophic  bioreactors.  The  complications  of  a  variable  light 
field  within  the  vessel  and  the  existence  of  a  variable  life  form 
overwhelm  the  classical  analytical  approaches;  however,  the 
chemical  engineering,  ecological  and  biological  literature  do  pro- 
vide practical  bases  for  dealing  with  the  essential  issues  of  rate  and 
yield.  These  practical  bases  are  the  focus  of  discussion  for  the 
photoautotrophic  reaction  of  light,  carbon  dioxide,  water,  and  nu- 
trients to  produce  algae. 

The  relative  costs  of  light,  carbon  dioxide,  nutrients,  and  mis- 
cellaneous energy  use  are  presented,  and  the  predominating  effect 
of  light-related  costs  is  demonstrated  in  quantitative  terms.  Light 
utilization  and  light  yield  are.  therefore,  the  emphasis  in  the  treat- 
ment of  yield  factors.  Theoretical  limits  of  light  efficiency  and  an 
evaluation  of  system  losses  for  particular  designs  and  configura- 
tions are  discussed.  The  relative  economics  of  artificial  light  and 
natural  light  are  presented. 

The  economic  effect  of  reaction  rate  is  presented  in  terms  of  the 
investment  cost  of  a  photobioreactor.  The  effect  of  reactor  con- 
figuration and  the  effects  of  important  operating  characteristics, 
such  as  cell  density,  upon  reaction  rate  are  discussed. 


THE  NATIONAL  SHELLFISHERIES  ASSOCIATION 


The  National  Shellfisheries  Association  (NSA)  is  an  international  organization  of  scientists,  manage- 
ment officials  and  members  of  industry  that  is  deeply  concerned  and  dedicated  to  the  formulation  of 
ideas  and  promotion  of  knowledge  pertinent  to  the  biology,  ecology,  production,  economics  and  man- 
agement of  shellfish  resources.  The  Association  has  a  membership  of  more  than  1000  from  all  parts  of 
the  USA,  Canada  and  18  other  nations;  the  Association  strongly  encourages  graduate  students'  mem- 
bership and  participation. 

WHAT  DOES  IT  DO? 

— Sponsors  an  annual  scientific  conference. 

— Publishes  the  peer-reviewed  Journal  of  Shellfish  Research. 

— Produces  a  Quarterly  Newsletter. 

— Interacts  with  other  associations  and  industry. 

WHAT  CAN  IT  DO  FOR  YOU? 

— You  will  meet  kindred  scientists,  managers  and  industry  officials  at  annual  meetings. 
— You  will  get  peer  review  through  presentation  of  papers  at  the  annual  meeting. 
— If  you  are  young,  you  will  benefit  from  the  experience  of  your  elders. 
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PREFACE 


A.\RON  ROSENFIELD 
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The  papers  that  appear  in  this  special  issue  of  the  Journal  of 
Shellfish  Research  were  first  presented  during  a  symposium  held 
as  part  of  the  88th  .Annual  National  Shellfisheries  .'\ssociation 
Meeting.  April.  1996  in  Baltimore.  Mar>land.  One  of  the  major 
objectives  of  the  s\  mposium  was  to  compile  a  reference  work  that 
would  characterize  all  aspects  of  the  currently  existing  commercial 
blue  crab  (CalUnectes  sapUhis)  fisheries  from  along  the  Atlantic 
and  Gulf  Coasts  of  the  United  States  and  Mexico.  The  emphasis 
was  placed  on  human  and  natural  ecological  factors  that  intluence 
blue  crab  recruitment  and  stock  abundance,  as  well  as  on  research 
activities  and  management  approaches  as  they  are  applied  region- 
£dly  to  sustain  biological  and  socio-economic  benefits  of  the  fish- 
eries. 

Several  commercially  important  crustacean  species  are  har- 
vested in  varying  quantities  from  waters  along  the  north  central 
and  South  .American  coasts  of  the  western  Atlantic  Ocean.  In 
addition  to  se\eral  shnmp  and  a  few  lobster  species,  one  of  the 
most  important  crustacean  species  fished  from  eastern  and  Mexi- 
can waters  is  the  blue  crab.  In  terms  of  landings  and  dockside 
value,  the  fisheries  involving  this  one  species  of  crab  alone  rival 
many  vertebrate  and  other  invertebrate  fisheries  of  North  America. 
For  example,  in  1995.  commercial  Atlantic  hard  shell  blue  crab 
landings  were  201.5  x  10"  kg.  valued  at  $144.7  million  (Hollida> 
and  O'Bannon  1996):  landings  for  recreational  and  soft  shell  blue 
crabs  are  not  given.  Landings  for  all  United  States  crab  species 
(dungeness.  king.  red.  golden,  snow,  and  other  crabs)  are  given  as 
363.6  X  10"  kg)  with  a  value  of  $51 2.0  million.  By  way  of  contrast, 
total  United  States  shrimp  landings  (all  species  and  coasts)  are 
reported  as  306.8  x  10"  kg  valued  at  $569.8  million.  Interestingly, 
the  1995  landings  and  values  for  all  the  North  Atlantic  trawl  fish- 
eries (includes  butterfish,  Atlantic  cod.  cusk.  flounders,  haddock, 
red  and  white  hake,  ocean  perch,  pollack,  and  whitmg-hake)  are 
given  as  1 18.1  x  10"  kg)  valued  at  $122.3  million. 

Although  Mexican  production  of  blue  crabs  from  the  Gulf  ap- 
proximates only  10%  of  U.S.  landings  (Anon.  1992).  it  shows 
promising  signs  for  aggressive  growth  in  the  immediate  future. 

Several  contributing  factors  are  responsible  for  the  dynamics 
and  growth  of  the  North  American  blue  crab  fisheries: 

1.  Gulf  of  Mexico  fisheries  recognized  that  blue  crabs  did  not 
represent  nuisance  bycatch  of  shrimp  harvests,  but  rather 
were  an  abundant,  readily  available,  and  desirable  resource 
in  high  demand  hi  restaurants  and  food  stores — initially  in 
the  Chesapeake  Bay  area  and  other  Middle  Atlantic  coastal 
areas  with  demand  now  spreading  worldwide. 

2.  Availability  and  penetration  of  caistacean  products  into  for- 
eign markets,  particularly  in  Asia  and  some  parts  of  Europe, 
led  to  foreign  investment  in  the  U.S.  crab  industry.  Aggres- 
sive marketing  nationally  and  internationally  led  to  in- 


creased demand  for  soft  shell  and  hard  shell  crab  harvests  to 
satisfy  newly  opened  markets  and  fulfill  international  trade 
opportunities. 

3.  The  relatively  recent  development  of  the  soft  shell  blue  crab 
fishery  parallels  or  outpaces  the  fishery  for  hard  blue  crabs 
in  terms  of  acceptance,  demand,  and  unit  price  in  national 
and  international  markets. 

4.  Technical  advances  in  refrigeration,  storage,  capture  gear, 
and  transportation  have  led  to  year-round  markets  and  reli- 
able distribution,  as  well  as  value-added  products. 

5.  From  a  research  perspective,  biological  and  habitat  studies 
of  North  American  and  more  southerly  Western  Atlantic 
coastal  areas  provided  unportanl  information  on  blue  crab 
population  dynamics  as  well  as  other  significant  ecological 
data.  This  information  indicated  that  the  ranges,  recruitment 
potential,  and  exploitable  abundances  of  both  .soft  and  hard 
crab  populations  v\as  much  greater  than  previously  recog- 
nized. 

About  16  years  ago.  a  workshop  on  sofi  shell  crabs  was  held  m 
South  Carolina,  co-sponsored  by  the  Coastal  Plains  Regional  Com- 
mission and  the  South  Carolina  Wildlife  and  Resources  Depart- 
ment. Later,  in  1985.  the  Mississippi-Alabama  Sea  Grant  Consor- 
luuii  and  the  Louisiana  Sea  Grant  College  Program  hosted  another 
highly  mformative  national  symposium  that  also  addres.sed  issues 
of  importance  to  the  soft  shell  blue  crab  fisheries  of  the  mid- 
Atlantic  coast  and  the  Gulf  of  Mexico.  The  application  of  much  of 
the  information  that  emerged  from  these  meetings,  as  well  as 
implementation  of  new  initiatives  and  increased  investment  in 
time,  capital,  and  effort  has  brought  about  profound  changes  to  the 
soft-shell  and  hard-shell  blue  crab  fisheries  of  North  America. 
More  changes  are  inevitable.  It  is  essential  that  we  be  kept  up-to- 
date  and  to  record  these  changes. 

Some  blue  crab  fisheries  have  shown  dramatic  decline  when 
compared  with  historical  landing  records,  while  others  have  shown 
noteworthy  growth,  particularly  in  areas  where  blue  crab  catches 
were  once  considered  only  as  incidental  to  shrimp  captures.  For 
example,  blue  crab  production  in  the  Gulf  of  Mexico  is  now  equal 
to  or  greater  than  Chesapeake  Bay's  production.  Furthermore,  as 
the  full  potential  is  realized  for  greatly  enlarged  harvests  and  com- 
merce, as  habitat  alterations  take  place  at  accelerating  rales,  and  as 
technological  improvements  are  implemented,  it  becomes  the  re- 
sponsibility of  those  involved  with  these  issues  to  explain  their 
interactive  roles  as  they  influence  the  future  biological  as  well  as 
socio-economic  sustainability  of  the  North  American  blue  crab 
fisheries.  Consequently,  an  accurately  detailed  and  properly  inter- 
preted documentation  of  changing  North  American  blue  crab  fish- 
eries is  mandated  now.  This  Symposium  provides  the  opportunity 
to  produce  such  documentation. 
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The  iiiiporiancc  ot  hliic  crab  fisheries  in  eastern  North  America 
is  aniph  docuiiieiited  in  this  volume.  What  is  most  surprising  to 
this  editor,  having  attended  the  symposium  and  read  all  ol  the 
reports,  is  the  relatively  meager  amount  of  research  that  blue  crabs 
have  attracted,  at  least  until  very  recently.  Given  the  examples  of 
other  prominent  coastal  species  (salmon,  striped  bass,  and  oysters 
come  to  mind),  it  is  only  when  a  species  becomes  scarce  or  is 
perceived  as  threatened  that  the  scientific  effort  needed  for  rational 
management  is  supported.  Eugene  Cronin's  historical  sketch  of  the 
Chesapeake  Bay  fishery  recalls  episodes  of  low  crab  abundance, 
with  Hurries  of  scientific  and  management  attention  that  quickly 
waned  when  the  stock  rebounded.  Even  now,  when  there  is  great 
concern  over  steady  increases  in  fishing  effort  throughout  the  At- 
lantic and  Gulf  Coasts,  it  can  be  difficult  to  find  funding  for 
research  and  monitoring  when  the  topic  is  blue  crabs. 

At  the  time  of  the  symposium,  the  comprehensive  Chesapeake 
Bay  stock  assessment  was  undergoing  peer  review.  The  two  papers 
by  Louis  Rugolo  and  his  colleagues  were  solicited  after  the  sym- 
posium. Because  the  Chesapeake  stock  assessment  is  the  state-of- 
the-art  in  our  understanding  of  the  large-scale  dynamics  of  blue 
crab  populations  and  fisheries,  we  delayed  publication  of  this  vol- 
ume while  the.se  reports  were  completed.  In  concert,  the  stiick 
assessment  information  here  (Kahn  et  al.,  Rugolo  et  al.  and  several 
of  the  state  fishery  reports)  offers  a  rather  consistent  picture  of  the 
status  of  blue  crab  fisheries  from  Texas  through  New  York:  fluc- 
tuating but  stable  stocks,  increasing  fishing  effort,  decreases  in 
caparace  width  of  adult  stocks,  and  declining  catch  per  unit  effort. 
There  are  exceptions:  for  example.  South  Carolina's  modest  land- 
ings are  reported  to  be  limited  by  fishing  effort  (Whituker  et  al.). 
Several  reports  cite  increases  in  juvenile  recruitment  correspond- 
ing to  increased  exploitation  of  adult  stocks.  Is  this  a  compensatory 
reproductive  response,  or  does  heavy  fishing  pressure  release  den- 
sity-dependent population  controls,  especially  cannabalisni  of 
small  crabs  by  larger  ones? 

The  most  critical  question  for  blue  crab  stock  assessments  is 
whether  further  increases  in  fishing  effort  could  deplete  heavily 
exploited  .spawning  stocks  (i.e.,  those  in  the  Mid-Atlantic  and  Gulf 
states)  below  a  threshhold  necessary  for  sustainable  recruitment. 
One  inteipretation  could  be  that  gear  saturation  is  so  complete  that 
additional  increases  in  effort  (assuming  no  changes  in  efficiency  of 
harvest)  would  not  lead  to  significant  increases  in  catch.  Uphoff, 
however,  estimates  probabilities  of  stock  collapse  based  on  varia- 
tions in  spawning  stock  biomass  (SSB),  recruitment,  and  environ- 
mental factors.  A  suggestion  of  increased  exploitation  rates,  espe- 
cially of  female  crabs,  along  with  observations  of  SSB  at  or  near 
the  threshhold  for  successful  recruitment  in  recent  years,  should 
give  managers  caution.  One  clear  inference  is  that  any  increases  in 
the  capture  efficiency  of  commercial  harvesting  must  be  avoided, 
unless  major  decreases  in  overall  effort  can  be  achieved. 

Several  authors,  especially  tho.se  from  the  Gulf  and  South  At- 
lantic states,  consider  user  conflicts,  by-catch  of  sublegal  crabs, 
and  habitat  loss  as  serious  issues  for  blue  crab  resources  and  fish- 


eries. User  conflicts  ai'e  largely  due  to  crab  pot  floats  and  trotlines 
interfering  with  other  recreational  and  commercial  fishing,  with 
hunting,  and  with  recreational  boating  (Guillory  and  Ferret: 
Heath).  As  a  personal  observation,  the  density  of  crab  pot  floats  in 
some  areas  can  virtually  exclude  other  water  uses  during  the  crab- 
bing season.  Loss  of  wetland  habitats  is  particulary  severe  in  Loui- 
siana (Guillory  and  Pertet),  but  long-term  declines  in  marsh  area 
and  seagrass  cover  have  occun'ed  in  the  other  coastal  states,  and 
can  limit  growth  and  survival  of  juvenile  blue  crabs  (Engel  and 
Thayer).  As  the  sizes  of  adult  crabs  tend  to  decrease  with  increas- 
ing fishing  effort,  additional  pressure  may  be  put  on  harvesters  to 
retain,  or  even  target,  sublegal  crabs  (Guillory  and  PeiTet).  Two 
papers  by  Guillory  and  Hein  assess  the  effectiveness  of  escape 
rings  in  crab  pots  to  reduce  catches  of  sublegal  crabs,  and  the 
effects  of  escape  rings  and  mesh  configurations  on  catches  of  legal 
and  sublegal  crabs. 

Quantitative  information  about  recreational  blue  crab  fisheries 
is  scarce  and  inadequate — we  are  fortunate,  therefore,  to  include 
the  report  on  recreational  fisheries  in  Louisiana  (Guillory).  In  that 
study,  the  recreational  catch  was  estimated  to  be  only  4. 1  '/r  of  the 
commercial  harvest:  limited  data  from  Chesapeake  Bay  indicate 
much  higher  rates  of  recreational  catches  (up  to  797f  of  commer- 
cial harvest.  Rugolo  et  al.).  Clearly,  better  data  are  needed  on  the 
quantity,  size,  sex,  and  geographical  distributions  of  recreational 
harvests.  Soft  crab  and  peeler  crab  harvests  also  are  poorly  docu- 
mented and  generally  underestimated  in  comparison  to  commer- 
cial hard  crab  landings. 

This  volume  concludes  with  reviews  of  blue  crab  diseases 
(Noga  et  al.)  and  habitat  issues  (Engel  and  Thayer).  Many  micro- 
bial and  parasitic  diseases  of  blue  crabs  have  been  described,  but 
little  is  known  about  the  population-level  impacts  of  pathogens,  or 
tor  that  matter.  di.seases  cau.sed  or  exacerbated  by  contaminants. 
Engel  and  Thayer  pre.sent  a  conceptual  model  and  data  showing 
how  habitat  degradation  may  be  related  to  stress  and  biochemical 
deficiencies  in  blue  crabs.  They  emphasize  the  complexity  of  these 
habitat  issues,  and  offer  a  plea  for  more  holistic  management  of 
coastal  habitats,  not  just  for  the  benefit  of  blue  crabs,  but  also  for 
the  many  other  valuable  plants  and  animals  that  depend  on  healthy 
coastal  and  estuarine  environments  for  their  survival. 

The  issues  surtounding  blue  crab  fisheries  are  indeed  com- 
plex— as  are  the  biology,  life  cycle,  and  ecology  of  blue  crab 
populations.  Despite  the  wealth  of  information  provided  here, 
many  basic  facts  are  missing  from  our  understanding  of  CalH- 
nectes  sapidus  and  how  the  species  is  affected  by  increasing  mar- 
ket demand,  fishing  pressure,  and  changes  in  its  environment, 
whether  natural  or  anthropogenic. 

No  document  with  any  scientific  pretensions  should  be  without 
a  call  for  "'more  research."  But  it  is  especially  evident  that  blue 
crabs  and  those  who  depend  on  them  for  sustenance,  recreation, 
and  employment  deserve  better  understanding  of  this  exquisite, 
treasured  resource. 
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ABSTRACT  North  America's  blue  crab  fisheries  have  undergone  dramatic  changes  in  the  past  20  years.  Market  demands  and 
fluctuations  in  resource  supplies  are  greater  in  today's  age  of  telecommunications  and  global  commerce.  Although  traditional  industry 
practices  prevail  changes  are  needed  in  the  ways  that  crabs  are  managed,  processed,  and  preserved.  Resource  issues  of  commercial 
importance  to  the  hard  blue  crab  industry  are  regulatory  efforts  to  limit  days  of  harvest,  types  of  crabs  landed,  amount  of  gear  allowed, 
and  number  of  fishers  permitted.  ConOicts  between  hard  and  soft  crab  harvesters,  resurgence  of  such  predator  fish  as  the  Atlantic 
striped  bass  and  Gulf  red  drum,  and  dredging  of  winter  crabs  continue  to  divide  the  industry.  In  addition,  resolving  issues  of  food  safety, 
ergonomics,  and  domestic  labor  supply  is  important.  Domestic  issues  are  better  utilization  of  the  whole  crab,  increased  costs  for  solid 
and  liquid  waste  disposal,  inconsistent  regulatory  enforcement  by  district,  and  rapid  influx  of  foreign  fishers  and  pickers.  Important 
market  issues  are  the  demand  for  female  crabs  in  Asia,  increased  demand  for  live  basket  crabs,  poor  quality  of  picking  crabs, 
indiscriminate  labeling  of  other  swimming  crabs  as  blue  crab  meat,  and  lower  production  costs  and  nonequivalent  regulatory  standards 
in  foreign  countries.  In  addition,  market  acceptability  of  new  tamper-evident  packaging,  regulatory  scrutiny  for  Listeria,  decomposi- 
tion, and  mandatory  Hazard  Analysis  Critical  Control  Point  (HACCP)  inspection  will  be  important  issues.  The  outlook  for  the 
commercial  hard  blue  crab  industry  is  unclear.  As  long  as  consumers  drive  market  demand,  pressure  on  our  resources  will  continue 
to  grow.  From  an  industry  perspective,  changes  are  warranted  to  ensure  the  commercial  viability  of  these  important  North  America  blue 
crab  fisheries  and  processing  industries. 

KEY  WORDS:     Callmecles  sapidits.  blue  crab,  processing,  resources,  restraints,  conflicts,  future 


INTRODUCTION 

It  should  come  as  no  .suiprise  for  this  audience  to  learn  "that 
the  Chesapeake  Bay  has  provided  more  crabs  for  human  consump- 
tion than  any  body  of  water  in  the  world,  great  oceans  included." 
What  may  surprise  you,  however,  is  how  drastically  the  commer- 
cial blue  crab  industry  has  changed  since  1976.  when  William 
Warner  first  made  this  opening  statement  in  his  book.  Beautiful 
Swimmers.  Every  commercial  business  today  is  undergoing  rapid 
changes  with  the  advent  of  telecommunications  and  global  mar- 
keting. The  hard  blue  crab  industry  is  certainly  no  exception.  With 
this  in  mind,  be  aware  that  what  is  discussed  in  this  paper  may 
have  long-term  impacts,  not  only  on  the  health  of  North  American 
blue  crab  fisheries,  but  on  the  very  survival  of  our  commercial 
crab-processing  industries  as  well. 

THE  HARD  BLUE  CRAB  INDUSTRY 

The  blue  crab  [Callinectes  sapidiis.  Rathbun  1885)  fishery  is 
one  of  the  largest  in  the  United  States,  with  average  landings  per 
year  exceeding  97  metric  tons  for  1989  to  1993  (Table  1).  Dock- 
side  values  in  1994  were  second  (SI 37  million)  only  to  the  snow 
crab  (S242  million)  fishery  (USDC  1995).  Blue  crab  resources 
have  traditionally  supported  an  economically  significant  process- 
ing industry  including  fishers,  packers,  processors,  distributors, 
wholesalers,  retailers,  and  an  assortment  of  allied  industries. 

Placing  the  hard  blue  crab  industry  in  perspective  can  best  be 
done  by  looking  back  to  the  late  1950s  and  eariy  1960s.  Growth 
and  development  of  the  hard  crab  industry  have  been  tied  to  fluc- 
tuations in  crab  stocks.  The  first  recorded  accounts  place  the  origin 


of  the  soft  crab  industry  in  1873  at  Crisfield.  Maryland  (Roberts 
1904)  and  the  hard  crab  industry  in  1878  at  Hampton.  Virginia 
(Stevenson  1899).  By  the  1950s,  the  industry  developed  into 
largely  a  "fresh  meat  market"  with  "glut  or  none"  conditions 
prevalent  (Ulmer  1960).  It  was  thought  at  that  time  that  the  situ- 
ation could  be  stabilized  by  affecting  crab  supply  and/or  increasing 
the  relatively  short  storage  life  of  "fresh  cooked"  meat.  Devel- 
opment of  pasteurization  procedures  by  G.  C.  Byrd  in  1951  at 
Crisfield,  Maryland  (later  refined  by  others)  made  a  significant 
impact  on  today's  industry  (Ulmer  1960,  Hackney  et  al.  1991). 
More  recent  developments  in  rapid  freezing  technologies  and  new 
tamper-evident  packaging  have  further  advanced  the  industry's 
ability  to  distribute  and  market  its  products  (NCRI  1995). 

Blue  crabs  are  harvested  in  the  United  States  mainly  by  trap- 
ping in  baited  pots,  trot  lines,  or  by  trawling.  Harvesters  spend  the 
early  hours  of  the  day  until  midaftemoon  working  some  200  to  500 
pots  set  out  across  the  inland  bays,  rivers,  and  estuaries  in  search 
of  that  elusive  "jimmy  crab."  Males  or  "jimmies"  larger  than  6 
inches  (152  mm)  bring  top  prices  when  sold  live  in  baskets  to 
restauranteurs.  Crab  harvesters  have  made  significant  incomes  the 
past  3  years  as  market  demand  for  live  crabs,  coupled  with  short 
supply,  has  driven  up  prices.  Female  crabs,  called  "sooks."  are 
harvested  along  with  the  jimmies  at  times  or  may  compri.se  the 
entire  catch  for  a  given  location  or  time  of  the  year.  Females 
carrying  eggs  are  referred  to  as  ".sponge  crabs."  The  harvest  of 
gravid  females  has  been  debated  many  times  over  the  years  be- 
cause of  its  potential  effects  on  the  long-term  health  of  the  crab 
fisheries. 
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TABLE  1. 

Annual  landings  of  the  major  crah  species  in  the  United  States  in  metric  tons. 


1989 

199(( 

1991 

1992 

1993 

1994 

Crab  Species 

Metric  Tons 

Value  (Thousands) 

Blue  (hard  crabs) 

93,767 

9 1 ,553 

100.726 

87.412 

113.067 

94.822 

$137,129 

Dungeness 

18.590 

14.248 

10.122 

18.909 

25.153 

20,868 

63,024 

King 

11.971 

15.385 

12.764 

8.644 

11.218 

5,425 

52.083 

Snow/tanner 

74.681 

96.795 

161,989 

158.776 

I  1 6,000 

72,382 

242,798 

Other 

8.909 

8.553 

9,234 

9.450 

8.732 

9.234 

37,953 

Total 

207.9  IS 

226.534 

294.835 

283.191 

274.170 

202.731 

$532,987 

Sonne:  USDC  (1995). 


On  delivery  at  pmcessing  house.s.  hard  crab.s  are  placed  in 
crates,  cooked,  cooled,  and  refrigerated  for  picking  the  next  day. 
Crabs  that  cannot  be  cooked  on  the  day  of  harvest  are  stored  under 
refrigeration  at  45  to  50°F  until  they  can  be  cooked,  usually  the 
next  morning.  Boiling  and  steam  under  pressure  are  the  two  meth- 
ods used  for  cooking  blue  crabs  (Cockey  and  Chai  1941).  The 
majority  of  the  hard  crab  industry  uses  steam  under  pressure  to 
ensure  an  adequate  cook,  characteristic  flavor,  and  .sufficient  shelf 
life  for  marketing.  A  significant  number  of  processing  houses  now 
pasteurize  crab  meat  when  crab  supply  and  market  prices  are  fa- 
vorable (NBCIA  I9S4.  Rippen  et  al.  199.^).  A  few  processors  have 
installed  cryogenic  freezing  equipment  to  "flash  freeze"  whole 
crabs  and  crab  meat  for  marketing  under  frozen  conditions.  The 
application  of  freezing  technologies  and  use  of  tamper-evident 
packaging  have  created  new  opportunities  for  several  companies  in 
marketing  then  crab  products  (NCRI  1995). 

Hard  blue  crabs  are  sold  either  live,  whole  (frozen  raw  or 
blanched),  or  as  cooked  meats.  Cooked  meat  is  available  in  various 
product  forms  (e.g.,  fresh,  pasteurized,  frozen),  types  (e.g..  jumbo 
lump,  lump,  backfin,  special,  claw)  or  value-added  (Table  2).  Most 
crab  meat  is  still  sold  "fresh  cooked"  through  wholesale  distribu- 
tors or  brokerage  houses.  A  significant  amount  of  crab  meat  is  sold 
pasteurized,  and  a  lesser  amount  is  distributed  frozen.  Over  the 
years,  industry  has  successfully  developed  markets  for  such  sec- 
ondary products  as  machine  claw,  minced  meat,  and  crab  shells. 
The  importance  of  marketing  secondary  products  has  grown  in  the 
past  5  years.  Production  profits  are  often  in  secondary  product 
lines.  Loss  of  these  sales  would  place  severe  economic  hardship  on 
the  hard  crab  processing  industry.  A  number  of  crab  piocessors  are 
manufacturing  value-added  products  for  institutional  and  lelail 
outlets  to  supplement  fresh  meat  production  sales. 

RFSOIRCE  ALLOCATION  AND  CONSERVATION 

The  primary  concern  for  any  hard  crab  processing  opeiation  is 
supply  of  a  sufficient  quantity  of  high-quality  crabs  at  a  reasonable 
market  price.  Current  discussions  on  resource  allocations  and  con- 
servation are  vital  to  the  hard  crab  processor's  interests.  Fishery 
management  options,  such  as  limited  entry  of  fishers  and  number 
of  crab  pots  permitted,  may  have  significant  short-  and  long-term 
impacts  on  resource  supplies.  In  addition,  the  closure  of  fisheries, 
as  done  1  day  per  week  in  Maryland,  and  protecting  egg-bearing 
females  in  the  Chesapeake  are  issues  that  need  careful  study.  Es- 
tablishment of  crab  sanctuaries  and  even  protection  of  jimmies  at 
certain  times  of  the  season  to  ensure  adequate  fertilization  of  fe- 
males should  be  considered.  In  North  Carolina,  draft  recommen- 


dations stemming  from  a  2-year  nn)ratorium  study  proposes  setting 
limits  on  the  number  of  pots  per  crabber  (NCDMF  1996).  Limited 
entry  into  the  crab  fishery  is  also  being  openly  discussed  at  public 
hearings. 

Conflicts  facing  the  hard  crab  industry  include  growing  pres- 
sure on  the  fishery  because  of  increased  harvesting  of  peeler  crabs. 
Management  options  being  considered  are  limits  on  size  and  re- 
striction on  the  harvest  of  white  line  peelers  after  May  1  of  each 
year  (NCDMF  1996).  Pressing  concerns  for  fishers  and  processors 
alike  are  the  recent  resurgence  of  such  predatory  fish  as  the  At- 
lantic striped  bass  and  Gulf  red  drum  suspected  of  devouring  thou- 
sands of  juvenile  crabs  during  their  feeding  migrations.  Finally,  the 
impact  of  winter  crab  dredging  must  again  be  scrutinized  from 
both  management  and  meat  quality  standpoints. 

OVERCOMING  RESTRAINTS 

Over  the  past  Id  years,  meat  yields  and  industry  profit  margins 
have  steadily  declined.  Because  of  a  combination  of  factors,  crab 
yields  have  dropped  from  10  to  14%  on  average  to  7.5  to  10.5% 
(body  meat  only).  These  decreases  have  made  complete  utilization 
of  the  entire  crab  vitally  important.  Industry  has  added  processes 
ranging  from  minced  meat  extraction  to  shell  cleaning  operations 
and  composting  of  residual  scrap  for  profit.  .Mong  with  these  new 
processes  have  come  numerous  additional  state  and  federal  regu- 

TABLE  2. 

Description  of  commercial  blue  crab  products  produced  from 
CalliiHctes  \apidiis. 


Type 

Forms 

Crades 

Live 

Whole 

Basket  (jimmies,  sooks) 

Fresh  '"cooked" 

Meat 

Goumiet  jumbo  lump,  jumbo  lump, 
lump,  backfm,  special,  claw,  cocktail 
claw,  machine  claw,  minced  meat 

Pasteurized 

Meat 

Gourmet  jumbo  lump,  jumbo  lump, 
lump,  backfin.  special,  claw,  cocktail 
claw,  machine  claw,  minced  crab 

Frozen 

Whole. 

clusters 

Blanched  (in-shell)  or  uncooked  (raw) 

Meal 

lunibo  lump,  backfin.  special,  machine 
claw,  minced  meat 

Value-added 

Crab 

Whole,  clusters,  claw 

Meat 

Cakes,  deviled  crab,  breaded  cocktail 
claw.  dips,  spreads 

Source:  Collette  (1996). 
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Uiliniis  concerning  health,  safety,  and  the  comfort  and  well-being 
of  our  neighbors.  With  the  recent  decline  in  crabs  harvested  from 
the  Chesapeake  Bay.  demand  for  smaller  live  jimmies  and  females 
from  other  water  bodies  has  increased.  This  change  has  further 
reduced  the  availability  of  good  quaHty  picking  crabs  entering  the 
processing  sector  of  the  industry,  or  at  least  raises  the  price  of 
picking  crabs  available  for  processors  to  unprofitable  levels. 

With  increased  visibility  and  pressure  of  federal  inspections 
from  the  L'nited  States  Occupational  .Safety  and  Health  Adminis- 
tration (OSHA)  and  the  Food  and  Drug  Administration  (FDA), 
plant  operators  have  experienced  conflicting  recommendations  and 
requirements.  Do  we  install  high  benches  and  nonskid  flooring  to 
meet  OSHA  guidelines,  or  do  we  use  smooth,  easily  cleanable 
surfaces  for  the  FDA?  Do  we  allow  use  of  picking  knives  with 
pliable  handles  to  lessen  the  ergonomics  of  carpel  tunnel  syn- 
drome, or  do  we  maintain  the  slender,  easily  sanitized,  stainless 
steel  knife  handles'^  There  seems  to  be  no  communication  between 
agencies  with  no  chance  of  compromise,  so  processors  are  caught 
in  the  middle,  making  choices  they  should  not  have  to  make. 

Competition  with  the  federal  government  for  workers  has  never 
been  greater.  In  many  instances,  a  single  mother  with  three  chil- 
dren can  receive  in  excess  of  $20,000  per  year  tax  free  from  the 
various  government  programs.  What  incentive  does  she  have  to 
work  7  '/2  months  a  year  in  a  less-than-desirable  production  job?  In 
recent  years,  many  processors  have  utilized  the  Federal  H-2B 
Guest  Worker  Program.  This  program  allows  foreign  laborers  to 
work  in  such  temporary  jobs  as  harvesting  vegetables  and  crab 
meat  picking  where  insufficient  domestic  labor  can  be  documented 
by  local  businesses.  Although  creating  new  headaches  for  man- 
agement, the  program  has  been  successful  in  identifying  a  willing 
and  available  workforce.  At  the  present  time,  the  U.S.  Senate 
version  of  the  Immigration  Act  of  1996  has  language  that  would 
disallow  nonskilled  workers  under  the  program  that  has  assisted 
North  American  crab  processors  quite  well. 

Watennen  have  had  to  adapt  to  many  changes  over  the  past  20 
years,  as  well.  More  and  more  crab  pots  are  being  fished  today 
with  an  ever-decreasing  catch  per  pot.  The  cost  of  bait  has  sky- 
rocketed by  more  than  300%  in  the  last  5  years.  With  mandatory 
use  of  by-catch  reduction  devices  and  recent  net  bans  put  in  place 
in  many  states,  watermen  are  faced  with  using  less  desirable  fish 
(e.g..  gizzard  shad,  gar,  shrimp  heads)  at  much  higher  prices  ($0.26 
vs.  $0.08  per  pound).  The  cost  of  building  pots,  insurance,  and 
diesel  fuel  has  steadily  risen  over  the  years. 

DOMESTIC  CONFLICTS 

There  was  a  time  when  the  only  domestic  conflict  in  crab 
processing  was  a  manager's  failure  to  change  clothes  on  the  back 
porch  before  coming  into  the  kitchen  for  dinner.  Today  it  seems 
that  everyone  is  a  critic.  Actions  that  once  signified  hard  work  and 
progress  are  considered  less  desirable.  The  sight  of  a  crab  scrap 
truck  driving  across  town  to  a  landfill  for  disposal  is  now  consid- 
ered unsightly.  To  the  processor,  what  has  become  unsightly  are 
the  tipping  fees  being  charged  for  disposal  of  crab  scrap  in  public 
landfills. 

On  the  other  extreme,  are  locations  where  for  years  scrap  was 
tilled  into  farm  property  owned  by  family  and  friends.  With  the 
influx  of  retirees  into  small  coastal  towns  and  countrysides,  the 
odor  of  hard  work  is  now  considered  a  nuisance.  Several  regions 
have  explored  the  development  of  composting  operations  for 
profit,  only  to  be  barraged  by  miles  of  environmental  regulations 


Ihal  must  be  overcome.  In  North  Carolina,  crab  and  fish  scrap  are 
considered  an  industrial  waste  and  inusl.  ihcrcfore,  meet  stringent 
environmental  monitoring  regulations. 

Another  long-standing  area  of  domestic  confiict  has  been 
within  the  crab  processing  industry  itself,  where  regional  varia- 
tions in  processing  techniques  (i.e.,  steamed  under  pressure  vs. 
boiling)  have  resulted  in  marketing  disputes  among  .states.  The.se 
variations  are  enhanced  by  what  is  perceived  as  regional  differ- 
ences in  regulatory  compliance  and  enforcement  actions.  Crab 
industry  size  and  significance  vary  between  the  states,  and  federal 
scrutiny  at  district  levels  is  perceived  by  industry  to  be  dispropor- 
tionate. The  problem  has  been  communication  with  federal  inves- 
tigators on  issues  more  properly  directed  toward  public  health 
policy  managers.  With  the  increase  in  federal  surveillance  and 
influx  of  new  health  investigators,  the  industry  has  borne  the  brunt 
of  overly  energetic  field  investigators  with  little  knowledge  or 
background  in  long-standing  industry  practices.  What  is  needed  is 
open  dialog  on  some  important  processing  and  regulatory  issues. 

MARKET  CONFLICTS 

With  increased  availability  of  technology  in  developing  coun- 
tries and  the  opportunity  to  ship  products  by  air  around  the  globe, 
the  U.S.  blue  crab  industry  today  is  facing  its  greatest  challenges — 
imported  crab  meat  and  reduced  supply  of  crabs  (Collette  1996). 
The  amount  of  imported  crab  meat  shipped  to  the  U.S.  continues 
to  increase.  Many  products  are  deceptively  labeled  as  blue  crab 
meat  or  are  being  illegally  blended  with  dome.stic  meat.  Prices  of 
these  products  are  often  $3  to  .^  a  pound  cheaper  than  domestically 
produced  crab  meat. 

The  financial  temptation  for  U.S.  companies  to  incorporate 
foreign  crab  meat  into  their  domestic  product  lines  is  very  real. 
Unfonunately.  a  number  of  U.S.  companies  illegally  blend  foreign 
meat  with  their  own  and  label  it  as  blue  crab  meat  produced  in  the 
United  States.  With  the  temendous  price  differential,  the  opportu- 
nity to  make  a  good  deal  of  money  is  too  great  a  temptation. 
Insufficient  effort  has  been  given  by  state  and  federal  authorities  to 
stop  this  practice  of  consumer  fraud  and  its  potential  health  risks. 
These  disparities  make  competing  with  products  produced  in 
Third-world  countries  even  more  difficult. 

With  the  economies  of  some  Asian  countries  rivaling  the  U.S. 
economy,  the  Asian  appetite  for  the  female  crab  at  times  seems 
insatiable.  Over  the  past  few  years  millions  of  pounds  of  crabs 
have  been  sent  overseas,  crabs  that  in  years  past  were  destined  for 
local  picking  hou.ses.  In  addition,  wages  in  many  of  the  third  world 
countries  are  $2  to  6  per  day.  Additional  concerns  for  domestic 
producers  are  that  many  of  these  countries  do  not  impose  the  same 
health  or  sanitary  standards  and  safety  regulations  that  are  required 
of  companies  operating  in  the  United  States. 

FUTURE  OUTLOOK 

What  the  future  holds  for  the  domestic  hard  blue  crab  industry 
is  unclear.  A  number  of  questions  remain  without  clear  answers. 
The  economic  impacts  of  mandatory  federal  HACCP  inspection 
are  a  major  concern  for  this  industry.  Within  the  processing  sector, 
HACCP  is  being  greeted  cynically  and  skeptically  (Collette  1996). 
It  remains  to  be  .seen  whether  HACCP  will  level  the  worldwide 
playing  field  or  completely  tilt  the  field  in  favor  of  foreign  pro- 
ducers. Very  few  industry  members  expect  HACCP  to  have  major 
impacts  on  food  safety.  The  industry  as  a  whole  is  poorly  prepared 
to  implement  HACCP.  They  will  need  much  help  to  meet  the 
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implementation  date  of  December  18.  1997  as  well  as  its  day-to- 
day challenges.  The  HACCP  program  must  be  flexible  enough  to 
allow  industry  the  ability  to  take  advantage  of  its  differences  and 
experiment  with  alternatives. 

For  more  than  2  years,  the  FDA  has  held  a  petition  from  the 
National  Blue  Crab  Industry  Association  (NBCIA)  requesting  that 
the  name  "blue  crab  meat"  be  designated  solely  for  meat  derived 
from  C.  sapidus.  Despite  repeated  attempts  on  the  part  of  the 
NBCIA  to  move  this  petition  forward  the  FDA  continues  to  delay 
the  request.  This  issue  goes  to  the  heart  of  FDA  Commissioner 
David  Kessler's  Nutritional  Labeling  and  Education  Act  of  1990. 
This  action  would  give  the  domestic  industry  the  ability  to  market 
a  unique  product  and  keep  inferior  quality,  taste,  and  price  prod- 
ucts from  being  marketed  as  "blue  crab  meat." 

Listeria  inonocytofienes  continues  to  be  every  crab  processor's 
worst  nightmare.  Time  is  long  overdue  for  work  establishing  tol- 
erance levels  for  L.  monocytiigenes  to  replace  the  overly  conser- 
vative zero  tolerance  policy.  If  Listeria  concerns  are  not  bad 
enough,  now  industry  is  faced  with  regulatory  action  for  decom- 
position. Crab  meat  is  scrutinized  for  microbial  levels  as  well  as 
sensory  and  chemical  standards.  Why.  after  120  years,  when  pro- 
cessors are  using  ice.  refrigeration,  better  retorts,  and  improved 
cooking  procedures,  is  decomposition  suddenly  a  problem?  The 
issue  of  sen.sory  evaluation  of  crab  meat  for  off-odor  (e.g..  ammo- 
nia) and  flavor  needs  to  be  closely  examined  with  respect  to  natu- 


ral environmental  and  seasonal  variations  in  crab  qualities.  For 
years,  industry  has  believed  that  crab  meat  differs  by  region  and 
time  of  year  harvested.  Industry  believes  that  domestic  blue  crab 
meat  is  distinctively  different  from  foreign  crab  meat.  The  blue 
crab  industry  needs  assistance  on  this  latest  issue,  and  federal 
regulators  need  some  direction. 

Other  issues  of  impoilance  are  continued  efforts  to  optimize 
process  practices  and  explore  new  ones.  For  those  who  cook  with 
steam,  is  a  pressurized  vessel  the  best  method?  Can  we  find  a  way 
to  pasteurize  crab  meat  effectively  that  was  initially  boiled?  What 
IS  the  effect  of  irradiation  on  fresh  crab  meat?  Is  there  an  eco- 
nomical alternative  to  pasteurization  the  consumer  will  accept? 

Finally,  what  environmental  challenges  (e.g..  the  recently  dis- 
covered toxic  dinotlagellate.  Pfisteria  piscicicla.  Burkholder  et  al. 
1995)  will  arise  in  the  next  20  years  in  the  blue  crab  fisheries  that 
will  affect  hard  crab  processing  operations?  During  times  like 
these,  we  should  be  discussing  far-reaching  and  innovative  chal- 
lenges for  the  future.  Instead,  we  seem  to  question  continuously 
the  basic  principles  on  which  this  important  commercial  crab  in- 
dustry was  first  established.  Therefore,  the  time  has  come  once 
again  for  fishery  managers,  industry,  and  state  and  federal  health 
regulators  to  work  cooperatively  to  address  these  important  com- 
mercial fishery  issues.  We  all  must  strive  for  the  conservation  and 
management  of  the  North  American  blue  crab  fisheries  upon 
which  we  all  depend. 
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ABSTRACT  The  blue  crab,  Callinectes  sapidus.  supports  a  major  fishery  in  the  United  States.  In  recent  years,  domestic  crab  meat 
processors  have  been  besieged  by  imports  into  their  traditional  national  marketplace.  The  direct  substitutability  of  the  meat  from  other 
Callinectes  species  or  other  portunid  crabs  for  domestically  produced  product  has  contributed  to  this  influx.  "Blue"  crabs  occur 
worldwide.  Within  the  genus  Callinectes.  there  are  14  different  species,  with  distributions  on  both  sides  of  the  Atlantic  Ocean  and  along 
the  Pacific  coast  of  the  Americas.  Other  species  of  portunid  crabs  that  can  be  exploited  for  crab  meat  production  occur  throughout 
tropical  regions  of  the  western  Pacific.  Asian  and  Latin  American  countries  contribute  significantly  to  imported  crab  meat.  During 
1995.  over  8.84  x  10''  kg  of  swimming  crab  meat  or  crab  products  were  imported  into  the  United  States,  for  a  value  of  S74.6  million. 

KEY  WORDS:     Callinectes  sapidus.  blue  crab,  fisheries,  import  data 


INTRODUCTION 

It's  no  secret  that  there  have  been  increasing  amounts  of  for- 
eign crab  meat  appearing  on  the  U.S.  market.  This  influx  of  foreign 
meat  has  accelerated  during  a  time  of  rising  domestic  production 
costs  and  dramatic  local  resource  fluctuations.  U.S.  crab  meat 
producers  have  had  a  hard  time  competing  against  foreign  prod- 
ucts. In  1995,  body  meat  from  India,  Pakistan,  and  China  was 
priced  at  $9.90  to  14.50  per  kg;  whereas,  domestic  meat  was  twice 
that  price  (Anon.  1996).  Domestic  jumbo  lump  was  $8.80  to  11.00 
per  kg  more  than  the  imported  price.  It  had  gotten  to  the  point  that 
one  supplier  lamented  that  people  were  bringing  in  crab  meat  from 
places  he'd  never  even  heard  of  (Anon.  1995). 

This  brings  up  the  question,  what  is  a  blue  crab?  Is  it  Calli- 
nectes sapidus?  Or,  maybe  Portiinus  pelagians?  Or,  the  even  big- 
ger question  to  the  consumer  of  picked  crab  meat,  does  it  even 
matter?  Increasingly  we  are  discovering  substitutes  for  Callinectes 
sapidus  meat  cannot  be  detected  as  such  by  consumers,  nor  do  they 
seem  to  care. 

This  situation  has  opened  up  the  world  to  exploitation  of  swim- 
ming crab  resources  that  are  not  Callinectes  sapidus.  but  are  close 
enough  that  they  are  used  interchangeably,  having  similar  edibility 
characteristics  to  the  blue  crab  of  the  U.S.  East  Coast. 

TARGET  CRAB  SPECIES 

There  are  approximately  4.500  species  of  true  crabs,  many  of 
which  are  fished  by  subsistence  and  commercial  crabbers  through- 
out the  world.  Those  that  belong  to  the  family  Portunidae  are 
known  as  swimming  crabs.  The  presence  of  a  large  muscle  bundle 
to  work  the  swimming  legs  makes  all  swimming  crabs  prime  tar- 
gets for  exploitation. 

Along  the  East  Coast  of  the  United  States.  Callinectes  sapidus 
is  the  primary  species  that  is  exploited.  However,  it  is  just  one  of 
14  different  species  of  Callinectes.  Callinectes  spp.  are  abundant 
in  tropical  and  temperate  coastal  regions  of  the  Atlantic  and  East 
Pacific  Ocean  (Norse  and  Fo.x-Norse  1982).  Three  species  are 
found  along  the  eastern  Pacific  Ocean  coastlines  of  Central  and 
South  America:  C.  arcuatus,  C.  bellicosus,  and  C.  toxotes.  Along 
the  western  Atlantic  Ocean  coasts,  from  the  U.S.  to  Uruguay,  there 
are  nine  different  species:  C.  bocourti,  C.  danae.  C.  e.xasperatus, 
C.  maracaihoensis.  C.  marginatus.  C.  ornatus,  C.  rathbunae.  C. 


sapidus.  and  C.  similis.  Along  the  Atlantic  coast  of  Africa,  three 
species  of  Callinectes  can  be  found:  C.  marginatus.  C.  gladiator, 
and  C.  latimanus.  One  additional  distribution  to  note  is  the  pres- 
ence of  C.  sapidus  in  the  Mediterranean,  supposedly  by  uninten- 
tional introductions.  All  distribution  information  is  taken  from 
Williams  (1974). 

Not  all  Callinectes  species  can  be  used  in  a  commercial  fishery. 
Some  of  the  potential  target  species  do  not  reach  a  size  large 
enough  to  be  considered  as  a  primary  commercial  candidate.  Wil- 
liams (1974)  provided  average  carapace  measurements  for  both 
males  and  females  of  the  various  Callinectes  species  (Table  1 ). 
Based  upon  this  information,  at  least  six  of  the  species  could  be 
eliminated  for  commercial  consideration  because  of  small  size; 
these  are  danae.  e.xasperatus.  gladiator,  marginatus.  ornatus,  and 
similis.  Two  additional  species,  maracaihoensis  and  rathbunae, 
are  from  confined  geographic  areas  and  overlap  with  sapidus  to  the 
point  of  being  almost  indistinguishable  from  each  other.  This  does 
not  mean  that  these  species  could  not  possibly  be  used;  only  that 
they  most  likely  would  not  be  targeted. 

Of  the  remaining  six  species  of  Callinectes.  five  are  found 
around  the  Americas  and  to  varying  degrees,  already  support  com- 
mercial fisheries.  On  the  Atlantic  coast,  the  fishery  for  sapidus 
extends  from  New  York  to  Uruguay.  In  Central  America,  near 
southern  Honduras  and  northern  Nicaragua,  bocourti  enters  into 
the  same  fishery  as  sapidus  and  extends  to  southern  Brazil  as  well. 
On  the  Pacific  coast,  arcuatus.  bellicosus.  and  toxotes  support 
commercial  fisheries  from  the  Gulf  of  California  to  northern  Peru. 
Callinectes  latimanus  is  confined  to  the  "big  bend"  area  of  west- 
em  Africa,  where  it  is  harvested  for  local  consumption.  However, 
logistical  problems  will  have  to  be  solved  before  any  large-scale 
commercial  exploitation  can  begin. 

Identifying  the  commercial  portunid  species  from  the  other  half 
of  the  world,  Asia  and  the  Indo-Pacific.  becomes  much  more  dif- 
ficult. However,  five  species  represent  the  largest  portion  of  the 
current  fisheries.  These  species  are  distributed  from  ea-stem  Africa 
around  India,  throughout  southeast  Asia,  and  into  Australia.  As 
with  the  different  Callinectes  species,  there  is  considerable  overlap 
in  their  ranges.  The  species  of  commercial  importance  are  Scylla 
serrata,  Portunus  pelagicus,  P.  sanguinolentus.  P.  trituberculatus, 
and  Chaiybdis  feriata. 

Scylla  serrata  is  probably  the  most  well  known  of  these  spe- 
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TABLE  1. 

Mean  and  maximum  carapace  widths  (mm),  measured 

point-to-point,  for  adult  male  and  adult  lemalc  Calliiiectes  spp. 

(from  Williams  1974). 


Males 

Female; 

Species 

Mean 

Max. 

Mean 

Max 

arcuatus 

94.0 

121.9 

78.7 

114.3 

helUcosus 

119.4 

154.9 

111.8 

177.8 

bocourd 

109.2 

154.6 

106.7 

144.8 

danae 

109.2 

139.7 

94.0 

109.2 

exasperatus 

101.6 

129.5 

96.5 

124.5 

gladiator 

86.4 

116.8 

73.7 

137.2 

lalimamis 

111.8 

149.9 

116.8 

127.0 

maracaihoensis 

114.3 

160.0 

114.3 

124.5 

marginatus 

94.0 

142.2 

83.8 

94.0 

uruatiis 

91.4 

129.5 

78.7 

106.7 

rathbunae 

111.8 

134.6 

127.0 

142.2 

sapidus 

142.2 

208.3 

132.1 

203.2 

similis 

96.5 

121.9 

76.2 

94.0 

loxotes 

152.4 

193.0 

149.9 

175.3 

cies.  Also,  because  of  its  value  as  a  whole  animal,  it  is  also  the 
most  unlikely  candidate  to  enter  into  the  picked  meat  expoil  mar- 
ket. Poitumts  pelagicus  is  the  ■"blue"  crab  of  this  region.  It  is 
found  thi'oughout  the  region  from  Africa  to  Australia  and  supports 
commercial  fisheries  throughout  its  range.  It  is  probably  the  most 
prevalent  "crab  meat"  currently  being  imported  into  the  United 
States  from  the  Indo-Pacific.  The  close  cousins  of  P.  pelagicus.  P. 
sangidnolentus.  and  P.  tiiiiihi'ivulnliis  also  aie  important  in  the 
picked  meat  trade  and  are  gaining  in  importance  as  the  demand  for 
crab  meat  increases.  Charyhdis  feriata  has  not  yet  been  exploited 
to  the  extent  of  the  other  species,  but  has  the  potential  to  be  an 
important  contributor  to  picked  crab  meat. 

Based  upon  the  distribution  of  the  different  target  crab  species. 
it  is  possible  to  separate  the  Callinectcs  species  from  all  other 
species.  Essentially,  this  distribution  translates  into  the  western 
hemisphere,  specifically  Central  and  South  America,  for  Calli- 
iiectes  and  the  eastern  hemisphere,  primarily  the  Indo-Pacific  re- 
gion, for  Purtimus.  Scylla.  and  Cliunhdis.  This  distinction  will  be 
helpful  for  interpreting  and  undcistanding  the  import  data  that 
follows. 

PRODUCTION  AND  IMPORT  INFORMATION 

For  1994,  the  National  Marine  Fisheries  Service  (NMFS  1995) 
reported  domestic  hard  shell  blue  crab  production  to  be  approxi- 
mately 94. 8x  lO^kg,  round  weight,  valued  at  about  $137. 1  million 
dockside.  Not  all  the  harvest  goes  into  the  production  of  picked 
tneat;  that  number  is  unknown.  However,  an  estimate  can  be  )nadc 
if  it  is  assumed  that  75%  of  the  round  weight  goes  into  picked  meat 
production  and  that  there  is  a  12%  meat  yield.  Based  on  these 
assumptions,  in  1994.  domestic  production  of  blue  crab  meat  was 
appi'oxiinately  8.5  x  10"  kg. 

When  we  begin  to  attempt  to  quantify  the  a)iiount  of  imports, 
hard  numbers  are  even  more  difficult  to  come  by  because  of  the 
way  meat  is  hniiped  into  generic  "crab  meat"  totals.  In  data 
supplied  by  the  Fisheries  Statistics  Division  of  NMFS.  thoe  weie 
eight  different  classificalio)is  that  could  poloitially  contain  swim- 
ming crab  meat  or  o'ab  products  (Steve  Koplin,  pers.  comni.).  It  is 
estimated  that  in  1995  the  total  aniount  of  swiniming  ci'ab  nieat  or 


crab  products  imported  into  the  United  States  was  8,845,544  kg, 
with  an  import  value  of  $74,611,261,  a  1,360,800  kg  and 
$14,000,000  increase  over  1994. 

Looking  at  the  import  data  by  country  of  origin  for  the  western 
hemisphere,  and  thus  Calliiwcles  species,  it  is  easy  to  see  which 
countries  are  the  most  important  (Table  2).  In  1994,  Venezuela 
was  the  leading  exporter  of  crab  meat  to  the  U.S.,  with  over 
907.200  kg  valued  at  over  $12.5  million.  Venezuelan  crab  meat 
has  secured  a  strong  market  position  in  the  U.S.  crab  meat  busi- 
ness. Without  a  doubt,  the  Lake  Maracaibo  region  is  the  area  of 
greatest  crab  and  crab  meat  production.  It  has  been  said  that  all 
crabs  leaving  Venezuela  come  from  Maracaibo  (Oesterling  and 
Petrocci  1995).  In  all  probability,  the  main  species  of  crab  being 
exploited  in  Venezuela  is  C.  sapidus.  with  C.  manicailwcnsis  and 
C.  Ivicouiti  to  a  lesser  extent.  The  crab-processing  facilities  in 
Maracaibo  share  a  striking  resemblance  to  the  crab  plants  of  the 
Chesapeake  Bay.  Over  the  past  several  decades,  there  has  been 
substantial  technology  transfer  between  the  two  regions.  During 
1995.  Venezuelan  production  dropped  by  136,080  kg  and  almost 
$5,000,000. 

Not  surprisingly,  the  next  most  important  exporter  of  crab  meat 
is  Mexico.  In  1994.  Mexico  sent  to  the  United  States  816.480  kg 
of  ciab  meat,  valued  at  approximately  $9.8  million  (Table  2).  For 
the  last  decade,  Mexico  has  been  engaged  in  developing  a  crab 
industry,  with  much  of  its  technology  acquired  front  U.S.  crab 
processors.  For  several  years,  Mexican  crab  meat  producers  in- 
creasingly have  been  involved  with  foreign  investnienl.  joint  ven- 
tures, and  up-to-date  technology  transfer.  As  a  result  of  these  ex- 
pansion efforts  and  new  investment  incentives,  there  is  general 
knowledge  within  the  U.S.  crab  meat  industry  regarding  the  de- 
velopment of  crab  fisheries  or  processing  facilities  along  the  Gulf 
of  Mexico  coast  and  the  shoi'es  of  the  Gulf  of  California.  In  many 
cases,  it  is  these  same  U.S.  industry  members  that  are  the  driving 
forces  behind  these  developments.  Mexico  exploits  four  different 
Calliiiectes  species:  sapidus  on  its  east  coast  and  arcuatus.  helU- 
cosus, and  toxotes  on  its  west  coast.  For  the  first  time,  in  1995 
Mexico,  surpassed  Venezuela  in  imports  to  the  U.S.,  with  over 
1 ,496,880  kg  of  product,  valued  in  excess  of  $16.6  million  (Table  2). 

TABLE  2. 

Imported  crab  meat  or  crab  products  for  1994  and  1995  bv  country 

of  origin,  western  hemisphere  (Steve  Koplin,  pers.  comm..  National 

Marine  Fisheries  Service,  Fisheries  Statistics  Division  1995). 


f  Origin 

1994 

1995 

Country  o 

kg 

$ 

kg 

$ 

Venezuela 

960.176 

12,521,058 

840,436 

7.786.928 

Mexico 

824,722 

9,779,184 

1,536,147 

16,627,771 

Chile 

301,397 

4,073,409 

570,589 

5,434.298 

Uruguay 

186.932 

1,377,080 

239.636 

1.762.752 

Ecuador 

64.213 

368,511 

93.780 

1.216.653 

Brazil 

25.141 

163.420 

39,963 

350.306 

Colonihia 

7,585 

106.981 

14.486 

116.935 

Argentina 

3,684 

34.157 

15.633 

163.778 

Guyana 

4,372 

13,014 

1,7.50 

4.725 

Dominican 

Kepiililie 

3.240 

12.45(1 

Belize 

454 

4,875 

41. .344 

53,294 

.Suruiunie 

600 

2.349 

NLcaragua 

9,540 

142.538 

Totals 

2,382,517 

$28,456,494 

3,266,590 

$33,659,978 

Inthrnationai.  "Biun"  Crab  Resource.s 
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The  next  two  most  important  exporters  of  crab  meat  to  the  U.S. 
in  the  western  hemisphere  are  Chile  and  Uniguay  (Table  2).  How- 
e\cr.  m  all  likelihood,  the  crab  products  from  these  countries  are 
not  swimming  crabs,  but  are  primarily  snow  crab  or  king  crab 
species.  They  are  listed  here  because  of  the  inability  to  identify 
individual  species  of  crabs  in  the  import  data. 

Ecuador  and  Brazil  are  exporters  of  sw  imming  crab  meat  prod- 
ucts, but  on  much  reduced  le\els  from  either  Mexico  or  Venezuela. 
In  both  countries,  exploratory  fishing  has  been  conducted  by  sci- 
entists and  private  entrepreneurs.  Although  there  are  sufficient 
abundances  of  crabs  in  both  countrie.s,  the  swimming  crab  fisheries 
have  been  slow  to  develop.  Within  the  past  several  years,  however, 
renewed  interest  in  both  regions  has  prompted  new  commercial 
ventures.  Brazil  has  the  potential  to  exploit  two  species  of  Calli- 
iwctes.  sapidus  and  hocoiirli.  Likewise,  two  species  of  Callinectcs 
are  available  for  harvest  in  Ecuador,  arciialiis  and  lo.xotes.  Of  the 
two  countries.  Ecuador  reported  the  greatest  change  from  1994  to 
1995.  going  from  63,958  kg  valued  at  $358,000  in  1994  to  almost 
93.895  kg  worth  over  $1.2  million  (Table  2).  The  other  countries 
of  Central  and  South  America  either  have  small  crab  fisheries  or 
are  in  the  process  of  developing  them.  Recently,  activity  has  been 
increasing  in  countries  that  during  the  1980s  were  politically  un- 
stable or  not  open  to  U.S.  investors.  With  a  return  to  normal 
foreign  relations  (in  other  words,  trading  with  the  U.S.).  there 
could  be  an  acceleration  in  development  of  crab  industries.  A  case 
in  point  is  Nicaragua,  which  recorded  no  imports  in  1994.  but  had 
over9.525  kg  valued  at  more  than  SI42.000  during  1995  (Table  2). 

The  Indo-Pacific  countries  of  Indonesia  and  Thailand  both  send 
more  crab  meat  to  the  U.S.  than  does  Venezuela  (Table  3).  To- 
gether they  account  for  over  3.58  x  10''  kg  of  product,  or  407f  of 
the  total  amount  of  imported  crab  meat.  They  also  represent  almost 
60%  of  the  value  of  all  eastern  hemisphere  imports.  All  three  of  the 
Pornmus  species  and  Charybdis  are  processed  in  both  countries. 

South  Korea  and  China  each  sent  almost  589.680  kg  of  crab 
meat  to  the  U.S.  in  1994  (Table  3).  The  value  of  South  Korea's 
exports  approached  S5  million,  and  China's  export  value  was  in 
excess  of  $3  million.  The  Portitniis  species  comprise  the  major 
portion  of  the  production  from  both  of  these  countries.  During 


1995,  China's  production  increased  by  90,720  kg:  however.  South 
Korean  production  fell  dramatically  to  less  than  half  of  1994. 

Many  people  are  familiar  with  the  rapid  rise  in  importance  of 
the  Philippines  in  the  imported  crab  meat  market.  Over  the  past  6 
years,  production  in  the  Philippines  has  accelerated  dramatically. 
Over  244,944  kg  of  meat,  valued  at  $2.7  million,  were  imported 
from  the  Philippines  in  1994  (Table  3).  This  expansion  continued 
into  1995.  with  over  294,840  kg  of  meat  produced.  The  majority  of 
this  production  was  from  P.  pcUii^iciis.  Currently,  there  are  reports 
that  political  unrest  has  reduced  the  production  of  crab  meat  in  the 
Philippines. 

Three  additional  countries  exported  crab  meat  to  the  U.S.  in 
excess  of  $1  million  during  1994  (Table  3).  India  sent  product 
valued  at  $1.6  million;  Malaysia  accounted  for  $1.5  million;  and 
Pakistani  product  was  worth  just  over  $1 .0  million.  In  1995.  both 
India  and  Malaysia  experienced  dramatic  increases  in  production. 
India  produced  over  226.800  kg  of  product,  valued  at  over  $3 
million;  Malaysia  increased  production  over  90.720  kg.  with  a 
value  in  excess  of  $2.3  million.  Poitimus  pelagkus  and  P.  san- 
giiinfllentus  were  the  primary  species  harvested,  with  pelagicus 
being  the  more  important  of  the  two. 

Another  interesting  way  to  look  at  the  import  data  for  1994  is 
by  port  of  entry  (Table  4).  It  is  not  surprising  that  the  two  biggest 
ports  were  Los  Angeles  and  Miami.  There  were  several  notewor- 
thy items  in  the  port  of  entry  list.  Starling  with  Norfolk,  Virginia, 
over  $1.0  million  worth  of  product  entered  through  this  port,  but  it 
originated  in  only  one  country — China.  Similarly.  St.  Louis  re- 
ceived over  $  1 .5  million  worth  of  product  from  only  one  country — 
Thailand.  The  border  towns  of  Laredo,  TX  and  Nogales,  AZ  re- 
ceived over  $4.0  million  worth  of  product,  primarily  from  Mexico, 


TABLE  4. 

Import  data  for  crab  meat  and  crab  products  by  port  of  entry  for 

1994  (Steve  Koplin,  pers.  comni..  National  Marine  Fisheries  Service. 

Fisheries  .Statistics  Division  1995). 


Port  of  Entry 


Kilograms 


Dollars 


Los  Angeles 

3.700,637 

21.616.802 

TABLE  3. 

Miami 
Baltimore 

1 ,236,960 
467,369 

15.522.615 
5,014,947 

Imported  crab  meat  or  crab  products  for  1994  and  1995  by  country 

of  origin,  eastern  hemisphere  (Steve  Koplin,  pers.  comm..  National 

Marine  Fisheries  .Service.  Fisheries  Statistics  Division  1995). 

New  York 

Laredo  (primarily  Mexico) 

Philadelphia  (only  Mexico) 

St.  Louis  (only  Thailand) 

Boston 

Nogales  (primarily  Mexico) 

Norfolk  (only  China) 

484,501 
196,454 
150,536 
225.422 
181.584 

92.080 
161.836 

41  163 

4,974,365 
2,769,287 
2,735,229 
1,564.488 
1,287.653 
1.232.789 

1994 

1995 

Country  of  Origin 

kg 

$ 

kg 

$ 

1.062,039 
652  643 

Indonesia 

1.651.040 

9.501.290 

2.138.018 

15.574.317 

San  Diego 

165.418 

557.520 

Thailand 

1,329.714 

7.120.837 

1.452.273 

8.712.991 

Mobile 

41.557 

421,427 

South  Korea 

583.223 

4.978.866 

204.508 

1.630.655 

Charleston 

15.161 

212,241 

China 

574.134 

3.066.727 

656.270 

4,093.486 

Houston 

29,970 

194,922 

Philippines 

245.778 

2.682.812 

298.312 

3.953.034 

Tampa 

17,171 

147.044 

India 

164.610 

1.623.293 

244.765 

3.011,454 

Honolulu 

23,682 

132,836 

Malaysia 

287,965 

1.538.686 

373.455 

2..345,771 

San  Juan 

46,63 1 

106,392 

Pakistan 

115,795 

1.039.533 

144.732 

1 .285.946 

San  Francisco 

13,483 

86,294 

Japan 

22.089 

209.528 

22.739 

133.714 

Portland 

9,000 

74,240 

Singapore 

36.518 

201.863 

30.445 

88.085 

Cleveland 

11,220 

72,000 

Vietnam 

26.163 

109.756 

8,615 

107.858 

Savannah 

14,320 

49,600 

Hong  Kong 

791 

3.352 

4.820 

13,972 

Chicago 

8.305 

48.424 

Totals 

4,947,821 

$32,076,543 

5.578.954     : 

540,951.283 

Anchorage.  Washington 

541 

5.302 
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and  Philadelphia  received  over  S2.7  milhon  worth  of  Mexican 
meat  through  its  port.  As  can  be  expected,  the  ports  of  Baltimore 
and  New  York  also  had  significant  volumes  and  values  of  im- 
ported product.  All  import  data  were  supplied  by  the  NMFS. 

IMPLICATIONS  FOR  THE  FUTURE 

The  crab  meat  market  is  volatile,  to  say  the  least.  The  high 
value  for  crab  meat  in  the  U.S.  has  attracted  the  attention  of  many 
companies  that  have  not  traditionally  traded  in  crab  meat,  creating 
some  confusion.  These  firms  are  not  familiar  with  the  production 
patterns  in  the  U.S.  and  thus  have  not  purchased  wisely.  As  a  case 
in  point,  the  fall  1995  crab  season  in  the  Chesapeake  Bay  was  very 
strong,  resulting  in  a  large  domestic  inventory  closing  out  the  year. 
The  early  1996  market  was  depressed  for  all  crab  meat,  domestic 
and  imported.  Many  of  the  newer  importers  ended  up  with  large 
supplies  of  foreign  meat,  which  they  were  forced  to  sell  at  lower 
prices  to  prevent  further  losses.  More  established  importers  will 
weather  this  market  storm,  but  many  of  the  newer  importers  will 
leave  the  crab  meat  industry.  Unfortunately,  there  will  probably  be 
other  players  waiting  in  the  wings  to  jump  into  the  game. 

Imported  crab  meat  is  not  going  to  go  away,  regardless  of  how- 
many  players  enter  and  leave  the  game.  The  lure  of  the  domestic 
U.S.  market  with  its  high  prices  will  continue  to  draw  product. 
Countries  where  there  is  a  production  advantage  in  cost  savings  or 
unexploited  crab  stocks  will  develop  their  resources.  This  devel- 


opment many  times  will  be  fueled  by  U.S.  investors,  who  them- 
selves may  be  crab  processors  in  the  U.S.  In  many  respects,  the  old 
saying  of  Pogo.  "we  have  met  the  enemy,  and  he  is  us,"  holds  true 
for  the  domestic  crab  meat  market. 

Domestic  crab  meat  producers  must  be  ever-vigilant  to  sources 
of  imported  meat.  Today  it  may  be  Nicaragua,  tomorrow  Vietnam. 
Expanding  global  fisheries  will  stimulate  continued  development 
of  crab  resources  around  the  world.  To  remain  competitive,  the 
domestic  blue  crab  industry  must  be  prepared  to  alter  its  produc- 
tion, expand  marketing  into  new  consumer  areas,  and  attempt  to 
distinguish  their  product  as  superior  to  all  foreign  competitors. 
Marketing  campaigns,  such  as  the  one  in  Maryland,  that  tout  qual- 
ity and  taste  of  the  domestic  product  are  an  example  of  a  program 
designed  to  encourage  consumers  to  purchase  locally  produced 
crab  meat.  Further  distinguishing  product  based  upon  quality  stan- 
dards or  quality  assurances  may  be  another  means  of  creating  a 
demand  for  domestic  production. 

Domestic  crab  meat  processors  must  realize  that  foreign  com- 
petition is  now  a  fact  of  life.  The  efficient,  innovative,  resourceful 
U.S.  processor  will  survive.  However,  as  we  have  seen,  imports 
will  not  only  continue;  they  will  expand. 

ACKNOWLEDGMENT 

This  is  contribution  number  2142  of  the  Virginia  Institute  of 
Marine  Science.  College  of  William  and  Mary. 


LITERATURE  CITED 


Anon.  199,'^.  Shellfish:  blue  crah.  Seafood  Lender  Mat;.  15:186-194. 
Anon.  1996.  Seafood  futures:  1996  forecast.  Seafood  Bus.  Mag.  15:98. 
National  Manne  Fisheries  Service.  1995.  Fisheries  of  the  United  States. 

1994.  U.S.  Department  of  Commerce.  Current  Fisher>'  Statistics  No. 

9400.  1 1 3  pp. 
Norse,  E.  A.  &  V.  Fox-Norse.  1982.  Geographic  ecology  and  evolutionary 

relationships  in  CalUneaes  spp.  (Brachyura:  Portunidae).  pp.  1-9.  In: 

H.  M.  Perry  and  W.  A.  Van  Engel  (eds,).  Proceedings  of  the  Blue  Crah 


Colloquium.  October  18-19.  1979.  Biloxi.  Mississippi.  Gulf  States 
Marine  Fisheries  Commission,  Ocean  Springs,  MS  Publ.  7. 

Oesterling.  M.J.  &  C.  Petrocci.  1995.  The  crab  industry  m  Venezuela, 
Ecuador,  and  Mexico:  implications  for  the  Chesapeake  Bay  blue  crab 
mdustry.  Virginia  Institute  of  Marine  Science,  Virginia  Sea  Grant  Ma- 
rine Resource  Advisory  #56.  }i\  pp. 

Williams,  A.  B.  1974.  The  swimming  crabs  of  the  genus  Callinectes  (De- 
capoda:  Portunidae).  Fishery  Bull.  72:685-798. 


Journal  of  Shellfish  Research.  Vol.  17.  No.  2.  379-381.  1998. 

EARLY  DAYS  OF  CRABBING  AND  A  BRIf:F  HISTORY  FOR  THE  CHESAPEAKE  BAY 


L.  EUGENE  CRONIN 

AuuapoJis.  Marxhuul  21403 

ABSTKXCT  The  blue  crab  fishery  in  ihe  Chesapeake  Bay  ha.s  grown  from  subsistence  harvests  by  Native  Americans  and  early 
European  settlers  to  a  major  industry,  with  peak  annual  commercial  landmgs  approaching  100  million  pounds  (4.5  x  10^  kg).  The 
development  of  the  commercial  fishery  since  the  late  19th  century  has  been  marked  by  introduction  of  several  new  harvesting  methods 
and  improved  means  of  processing  and  storage.  Episodes  of  bistate  cooperation  between  Maryland  and  Virginia,  regulatory  limitations 
on  the  fishery,  and  research  on  the  biology  and  life  history  of  blue  crabs  historically  have  been  stimulated  by  low  points  in  crab 
abundance  and  landings.  Recently,  the  Chesapeake  Bay  Commission,  representing  the  legislatures  of  Virginia.  Maryland,  and  Penn- 
sylvania, has  established  a  standing  BiState  Blue  Crab  Advisory  Committee,  with  a  Technical  Work  Group,  to  analyze  problems  and 
recommend  actions.  There  is  great  hope  that  this  active  cooperation  will  he  effective  in  tracking  and  conserving  the  single  bay  stock 
and  guiding  management  with  sound  science. 

KEY  WORDS:     Blue  crab,  Callinectes  sapidus.  historical  fisheries 


INTRODUCTION 

The  principal  setting  for  this  re\iew  is  the  Chesapeake  Bay. 
because  the  record  is  more  complete  there  than  elsewhere.  My  own 
experience,  since  1940  through  about  half  of  the  history  of  com- 
mercial crabbing,  has  been  there.  Moreover,  this  bay  is  the  prin- 
cipal center  of  production  of  the  blue  crab.  Callinectes  sapidus 
Rathbun. 

There  is  a  limited  record  in  writings  and  drawings  of  use  of  the 
blue  crab  by  the  natives  of  the  region.  There  was  a  small  harvest, 
probably  by  spear  and  simple  traps,  but  it  was  only  a  minor  part  of 
their  diet  around  the  bay.  With  the  modest  invasion  of  hungry 
Europeans,  interest  may  have  increased,  and  reporting  certainly 
did.  They  recorded  eating  crabs,  and  these  may  have  been  signifi- 
cant in  surviving  the  food  shortages  of  early  years  in  Virginia. 
Reference  to  crabs  big  enough  to  serve  four  men  is  puzzling, 
because  it  must  refer  to  the  horseshoe  crab,  but  there  is  very  little 
in  that  ancient  species  to  merit  use  as  a  food. 

About  1850.  the  capture  and  use  of  soft-shelled  crabs  was 
recorded,  and  in  1870.  the  scrape,  a  small  toothless  dredge  for 
harvesting  peeler  and  soft  crabs,  was  patented  by  L.  Cooper  Dize 
of  Crisfield,  Mary  land,  then  known  as  Somers  Cove.  Scoop  nets 
and  seines  of  40  to  50  foot  (12-15  m)  length  were  also  employed. 
Then  the  railroad  was  brought  to  that  town  about  187.'<  by  John 
Crisfield  so  that  prompt  transportation  of  iced  soft  crabs  to  markets 
in  Baltimore  and  Philadelphia  became  feasible,  and  that  date  is 
credited  as  the  beginning  of  the  commercial  fishery  (Chowning 
1990,  Van  Engel  1958). 

By  1878.  the  trotline  was  in  use,  and  pickled  fish,  bull  lips, 
salted  eel,  tripe,  hog  maws,  calf  pelts,  sting  rays,  hogchokers,  and 
spoiled  beef  have  all  been  used  as  bait  (Chowning  1990,  Roberts 
1904).  The  trotline  is  a  long  line  with  baits  tied  to  the  line  or  on 
short  snoods.  It  is  anchored  at  both  ends,  and  the  crabber  brings  the 
line  to  the  surface  and  over  a  roller  and  catches  the  clinging  crabs 
with  a  dip  net.  The  process  of  canning  foods,  including  placement 
in  cans,  cooking,  and  sealing  the  cans  by  tipping  the  closure  hole 
with  lead,  was  becoming  widespread  for  vegetables  and  other 
foods.  It  had  been  discovered  in  the  1 860s.  and  was  applied  to 
meat  from  hard  crabs  by  The  McMenamin  Company  in  Hampt<m 
by  1878.  That  has  been  cited  as  the  earliest  commercial  processing 
of  hard  crabs  (Chowning  1990). 

By  1880.  the  crab  industry  was  large  enough  to  attract  atten- 
tion, and  the  first  statistics  were  collected,  noting  fishing  of  about 


2  million  pounds  (9  x   10^  kg)  for  the  Chesapeake  (Sette  and 
Fiedler  1926). 

In  1883.  Dr.  W.  K.  Brooks  of  The  Johns  Hopkins  University 
wrote  that  crabs  were  in  "indescribable  abundance" "  and  that  soft 
crabs  were  1  cent  apiece  and  10  cents  a  dozen.  Hard  crabs  could 
be  bought  for  1  cent  a  dozen  and  10  cents  a  bushel.  He  briefly 
described  the  heating  and  canning  of  crab  meat  (Brooks  1893).  In 
that  year,  Frank  Leslie's  "Daily  Newspaper"  carried  an  interest- 
ing drawing  of  a  "crab  camp"  with  a  story  of  crabbers  sailing  out 
to  an  island,  setting  up  a  simple  camp,  trotlining  for  crabs,  packing 
them  in  baskets  under  branches  with  leaves  to  keep  them  cool,  and 
sailing  back  to  the  market. 

1893— COMMERCIAL  LANDINGS  OF  9  MILLION 
POUNDS  REPORTED 

Even  the  nomenclature  of  the  crab  was  undecided.  Several 
names  had  been  proposed  and  used.and  Dr.  Mary  Jane  Rathbun. 
premier  crustacean  taxonomist.  established  the  name  Callinectes 
sapidus  in  1 896.  She  summarized  the  definitive  characteristics  that 
separated  it  from  other  members  of  the  same  genus. 

19nO_20  MILLION  POUNDS  REPORTED 

Crabbing  had  been  an  open  occupation  with  no  restrictions,  but 
licenses  were  issued  in  Somerset  County  of  Maryland  in  1903.  In 
1904.  Virginia  licensed  the  winter  crab  dredge,  and  legend  says 
that  it  was  "invented"  when  an  oyster  dredger  "ran  off  the  edge 
of  an  oyster  bar  and  loaded  up  with  sooks"  (Chowning  1990). 

Gasoline  engines  were  first  used  in  the  "buy  boats"  in  1902  to 
collect  crabs  from  the  catchers  and  carry  them  to  market.  Small 
engines  were  adapted  for  scraping,  trotlining.  and  dredging  (Rob- 
erts 1904).  In  that  year,  Roberts  provided  a  detailed  description  of 
all  parts  of  the  Maryland  crab  industry. 

1909— ABOUT  45  MILLION  POUNDS  REPORTED 

An  improvement  in  the  trotline  was  introduced  in  Virginia 
about  1910,  when  the  "patent  dip  trotline"  allowed  the  crabs  to 
run  over  a  roller  into  a  bag  and  did  not  require  hand  dipping 
(Chowning  1990).  Its  use  was  limited  to  Virginia,  and  it  is  no 
longer  employed. 

Virginia  and  Maryland  met  again  to  consider  mutual  problems 
and  interests.  By  1916,  both  states  had  adopted  regulations  dealing 
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with  seasons  for  capture,  the  sponge  or  egg-bearing  crab.  Hcenses. 
and  size  hmits  for  hard  crabs. 

Growing  interest  in  the  species  led  to  new  scientific  investiga- 
tion, and  the  important  Life  History  of  the  Blue  Crab,  by  Dr.  E.  P. 
Churchill  was  published  by  the  U.S.  Bureau  of  Fisheries  in  1919. 
Based  on  thorough  review  of  the  literature  and  considerable  ex- 
perience with  crabs,  crabbers,  and  the  management  agencies,  this 
document  provided  a  thorough  summary  of  what  was  then  known. 
This  is  the  report  that  lays  out  most  of  what  was  known  about 
reproduction,  growth,  migrations,  and  other  aspects  of  this  crab  in 
this  bay.  Later  research  has  refined  the  conclusions  and  taken 
advantage  of  improvements  in  budgets  and  technology,  but  this  is 
still  a  basic  and  valuable  summary.  A  companion  publication  by 
Churchill  in  1918.  Crab  liuhistn-  of  Chesapeal^e  Bay  thoroughly 
described  activities  in  Virginia  and  Maryland.  Prime  soft  crabs 
were  80  cents  per  dozen,  mediums  35  cents,  and  culls  30  cents. 
Crabbers  received  2  to  3  cents  for  peelers  and  soft  crabs.  Hard 
crabs  brought  $1  per  barrel  in  July  and  $4  to  6  in  February  and 
March.  Lump  meat  averaged  $2  per  gallon,  white  meat  $1,  and 
claw  65  cents.  Pickers  received  3  to  4  cents  per  pound  (Churchill 
1918). 

1923_"WORST  HARVEST  ON  RECORD,"  ANNIHILATION 
PREDICTED.  THE  STATES  MET  (VAN  ENGEL  1962) 

A  simple  but  remarkable  invention  soon  began  to  revolutionize 
harvesting.  In  1926,  Benjamin  F.  Lewis  of  Hanyhogan  on  the 
Yeocomico  River  in  Virginia  developed  and  patented  a  trap  for 
hard  crabs.  A  legend  says  that  he  sold  his  trotline  in  the  water,  sat 
under  a  willow  tree  and  thought  about  a  better  way.  He  produced 
a  double  flat  of  wire  with  entrances.  In  1938.  after  important 
improvements,  he  patented  a  wire  cube  2  ft  on  each  side,  with 
several  funnel  entrances,  baited  with  salt  eel  or  other  meat  and  a 
second  floor  for  catching  and  holding  crabs.  The  "crab  pot"  had 
been  invented  (Chowning  1990).  With  many  variations  in  design, 
it  is  still  the  most  widely  used  and  productive  gear.  It  is  difficult  to 
determine  the  number  of  pots  used  in  a  season  because  of  change 
in  numbers  during  the  season,  deterioration  and  replacement,  and 
losses.  There  are  at  least  several  hundred  thousand. 

Mr.  Lewis  was  entitled  to  royalties  for  his  invention.  He  tried 
to  persuade  watermen,  who  frequently  made  their  own  pots,  to  pay 
him  $1 .50  per  50  pots.  His  son  bought  a  pick-up  truck  and  traveled 
for  the  same  purpose,  but  the  independence  and  relative  isolation 
of  pot-makers  defeated  them,  and  there  is  no  present  income.  If 
they  had  been  able  to  set  up  a  factory  and  prevent  imitators,  they 
would  have  made  a  fortune  from  royalties. 

193()_68.760.(MI(I  POINDS  REPORTED  LANDED; 
iy4()_41,8l5.(H)(l  POUNDS  REPORTED 

There  has  been  a  long  sequence  of  regulatoiy  changes,  with 
little  real  and  critical  evaluation.  There  has  also  been  a  long  history 
of  Maryland/Virginia  meetings  and  conferences,  usually  in  times 
of  perceived  crisis. 

|95(|_8(),(M6.4()0  POUNDS  REPORTED 

Willard  A.  Van  Engel  produced  two  valuable  publications  m 
1958  and  1962  on  The  Blue  Crab  and  Its  Fishery  in  Chesapeake 
Bay.  One  focuses  on  reproduction,  early  development,  growth,  and 
migration  (Van  Engel  1958).  and  the  other  on  types  of  gear  lor 
hard  crab  fishing  (Van  Engel    1462).  These  reports  provide  a 


primer  of  unequaled  value  for  those  interested  in  the  species  and 
the  fishery  based  upon  it. 

1966— 66.11  L5()0  POUNDS  OF  COMMERCIAL 
CATCH  REPORTED 

A  rather  small  number  of  changes  in  the  fishery  have  been 
made  since  that  time.  Peelers  and  soft  crabs  are  caught  principally 
by  crab  scrapes;  toothless  dredges  dragged  through  grass  beds  in 
the  shallows.  A  small  but  interesting  new  fishery  has  developed, 
based  on  the  attractants  that  males  release  into  the  water,  called 
pheromones.  to  which  immature  females  that  are  ready  to  shed  and 
mate  respond.  In  a  "peeler  pot."  one  or  two  males,  often  the  old 
hard  rusty  ones,  are  placed  in  two  top  chambers.  Females  move 
into  the  bottom  chambers  and  can  be  readily  harvested.  A  small 
catch  is  also  obtained  by  boys  or  men  who  tie  a  mature  male  on  a 
string  and  put  it  back  overboard.  One  man  claimed  that  he  took  15 
"brides,"  which  showed  up,  because  they  were  ready  to  shed  and 
mate,  from  one  Jimmy  crab  before  he  was  finally  retired,  probably 
because  of  frustration.  I  have  called  this  "the  cruelest  fishery."  A 
tethered  pre-adult  female  can  also  be  used  to  attract  a  lusty  male, 
but  that  is  not  a  source  of  a  significant  harvest. 

The  long-familiar  style  of  shanty  for  shedding  has  nearly  dis- 
appeared. These,  apparently  based  on  the  fishermen's  shanties  of 
the  south  coast  of  England  called  "croglofts."  which  they  closely 
resemble,  have  been  and  are  being  replaced  by  shedding  houses. 
Each  shanty  had  as  many  as  100  floats,  usually  protected  by  a 
board  fence  in  a  "pound,"  and  required  fishing  up  of  soft  crabs 
every  few  hours.  Some  of  the  newer  shedding  houses  are  modifi- 
cations of  the  shanty,  but  many  are  designed  to  house  large  shed- 
ding tables  or  troughs  under  cover  with  clean  water  flowing 
through  them.  Many  are  off-shore  with  electricity,  and  others  are 
along  the  shore  or  even  away  from  the  shore  but  supplied  with 
good  water.  Mortality  from  predators  and  hot  weather  is  much  less. 
and  the  shedder  does  not  have  to  harvest  from  the  old-style  floats. 
Some  traps  are  placed  near  the  shore  and  fished  for  both  hard  and 
soft  crabs.  Early  practices  of  selling  only  live  soft  crabs  were 
augmented  for  a  period  by  canning,  boiling,  and  sealing.  In  recent 
years,  freezing  of  soft  crabs  and  pasteurization  of  picked  crab  meat 
have  become  important  techniques  for  extending  the  shelf  lite  ot 
the  products. 

1970—67.564.000  POUNDS  OF  COMMERCIAL 
CRABS  REPORTED 

Almost  continuously,  regulations  have  been  changed  in  both 
Virginia  and  Maryland.  Some  changes  have  been  for  economic 
reasons,  some  to  make  enforcement  easier,  some  to  respond  to  the 
opinions  and  wishes  of  crabbers  and  others  in  the  industry,  and 
many  in  the  hope  of  minimizing  waste  and  avoiding  overexploi- 
tation.  Some  have  been  in  response  to  court  decisions,  especially 
those  allownig  crabbers  from  each  state  to  obtain  licenses  and  crab 
in  the  other.  Few  of  the  changes  have  been  critically  analyzed 
either  before  or  after  adoption,  so  that  effectiveness  is  difficult  to 
judge.  Periods  of  perceived  crisis  frequently  bring  new  restrictions 
by  law  or  legislation,  in  the  hope  that  they  will  be  of  value. 

1980—58.739,000  POUNDS  REPORTED 

Conferences  and  workshops  were  continued,  with  some  valu- 
able and  constructive  recommendations  emerging.  These  have  fre- 
quently suggested  improvements  in  record  keeping,  joint  or  coop- 
erative manaccment  by  the  two  states,  limitations  on  gear  or  har- 
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vesting,  economic  and  social  analyses,  useful  research  on  some 
a.spects  of  the  biology  and  economics  of  the  crab  in  Chesapeake 
Bay,  and  other  topics.  These  meetings  are  most  frequent  in  periods 
of  apparent  shortage  and  concern  about  the  future.  Because  of 
rebounds  in  abundance  in  past  years,  the  recommendations  for 
improved  knowledge  and  management  have  frequently  disap- 
peared without  effect.  One  of  the  most  extensive  discussions  was 
at  the  hearings  in  1968  by  the  Merchant  Marine  and  Fisheries 
Committee  of  the  L'.S.  House  of  Representatives.  Once  again,  loud 
concern  was  followed  by  rather  quick  recovery  in  the  crab  supply 
and  good  suggestions  were  not  implemented. 

The  scientific  literature  on  this  species  continued  to  grow,  both 
in  the  Chesapeake  Bay  area  and  in  other  centers  along  the  Atlantic 
and  Gulf  of  Mexico  coasts.  In  1984.  a  valuable  synthesis  was 
produced  by  Mark  Milliken  and  Austin  Williams,  titled  Synopsis  of 
Biological  Data  on  the  Blue  Crab,  Callinectes  sapidus.  Rathbun 
(Millikin  and  Williams  1984).  The  authors  listed  the  significant 
scientific  publications  and  then  integrated  them  into  a  finely  writ- 
ten summary.  Syntheses  such  as  this  one  from  the  National  Oce- 
anic and  Atmospheric  Administration  (NOAA)  are  invaluable  in 
teaching  new  scientists,  in  avoiding  wasteful  repetition  in  research, 
and  in  strengthening  the  scientific  basis  for  effective  management. 

Bi-state  committees  for  crabs  and  other  shared  species  were 
employed  for  several  years  but  were  superseded  by  the  establish- 
ment of  the  Chesapeake  Bay  Commission  in  1980.  In  1989.  Vir- 
ginia and  Maryland  developed  a  Blue  Crab  Management  Plan 
under  the  State/Federal  Chesapeake  Bay  Program.  The  Plan  jointly 


identified  problems  and  attempted  to  provide  proposals  for  their 
solution.  In  my  opinion,  the  stated  goals  and  objectives  were  ex- 
cellent, but  the  details  for  implementing  improvements  were  re- 
duced to  steps  that  were  politically  easy  but  frequently  parochial 
and  inadequate.  Revision  of  the  Plan  was  initiated  in  1994  and 
completed  in  1997. 

IW0_%,457,900  POUND.S  REPORTED  .AS  LANDINGS  FOR  THE 
COMMERCIAL  FISHERY 

Recently,  a  totally  new  and  promising  mechanism  has  been  set 
in  place  that  may  finally  lead  to  effective  coordinated  management 
of  the  single  stock  in  the  Chesapeake  Bay  by  Maryland  and  Vir- 
ginia. The  Chesapeake  Bay  Commission,  advisory  to  the  legisla- 
tures of  Virginia.  Maryland,  and  Pennsylvania,  has  established  a 
standing  Bi-State  Blue  Crab  Advisory  Committee,  with  an  as.so- 
ciated  Technical  Work  Group,  to  analyze  the  most  important  prob- 
lems of  baywide  significance  and  recommend  appropriate  actions. 
Great  hopes  exist  for  sound  coordinated  action  on  the  bay's  most 
valuable  living  resource. 

The  century  plus  two  decades  of  the  crab  fishery  and  nidustry 
has  been  notable  for  new  discoveries  of  crab  stocks  and  in  har- 
vesting and  processing  methods,  for  widespread  and  rapid  fluctua- 
tion in  the  availability  of  crabs,  and  for  increased  intensity  in  the 
harvest.  We  may  finally  have  an  effective  tool  for  tracking  the 
supply,  selecting  management  efforts  on  the  best  scientific  basis, 
preventing  overharvesting,  and  managing  the  single  stock  in  the 
coordinated  program,  which  is  essential. 
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ABSTRACT  Blue  crabs  support  the  most  important  commercial  and  recreational  fisheries  in  the  Chesapeake  Bay.  They  have  been 
harvested  and  cultured  for  local  consumption  since  colonial  times:  the  directed  commercial  fishery  began  in  1880.  Maryland  and 
Virginia  historically  harvested  and  marketed  more  blue  crabs  than  any  other  North  American  region.  Bay  wide  landings  in  1995  totaled 
33.5  X  lO*"  kg:  value  averaged  $53.1  million  between  1990  and  1994.  With  recent  declines  in  other  bay  fisheries,  more  recreational  and 
commercial  emphasis  has  been  placed  on  Chesapeake  blue  crabs.  Historical  (1945-1995)  harvest  and  effort  data  for  pots,  trotlines. 
dredges,  scrapes,  and  pound  nets  were  examined.  Data  for  the  commercial  hard  crab  fishery  were  more  complete  and  consistent: 
peeler/soft  crab  landings  and  effort  data  were  severely  underestimated.  Survey  estimates  of  the  Maryland  recreational  harvest  in  1983. 
1988.  and  1990  were  78.6.  49.5.  and  25.9%.  respectively,  of  the  reported  commercial  harvest;  no  other  recreational  landings  data  were 
a\ailable.  Blue  crab  landings  were  inherently  variable  among  years.  Three  periods  of  low  apparent  stock  abundance  since  1929  were 
indicated:  1930  to  1945.  1951  to  I960,  and  1968  to  1980.  High  commercial  harvests  occurred  in  1981  and  1983  (-47  x  10*  kg).  The 
crab  pot  has  been  the  dominant  gear,  accounting  for  40  to  80%  of  the  landings  from  1945  to  1995,  and  70%  since  1981.  Trotline 
landings  were  6  to  38%  of  the  total  since  1945.  averaging  21%  since  1981.  as  compared  to  5  to  25%  and  9%.  respectively,  for  the 
dredge  fishery.  Scrapes  and  pound  nets  contributed  <1%  of  the  total.  Hard  crabs  historically  were  >90%  of  blue  crab  landings  by 
weight.  Soft  crabs  were  more  valuable,  averaging  $1.25/kg  versus  $0.29/kg  for  hard  crabs.  Harvest  and  effort  data  for  1982  to  1995 
revealed  no  evidence  of  a  decline  in  Maryland  pot  and  trotline  fisheries.  Mean  kg/pol/month  for  the  pot  fishery  increased  from  10  to 
19  from  1982  to  1984  and  declined  to  10  in  1994.  Trotline  mean  kg/trotline-h/mo  increased  between  1982  and  1985  from  21  to  35  and 
remained  fairly  constant  thereafter.  Maryland  and  baywide  total  yield  has  varied  without  trend  since  1982  and  1945,  respectively. 
Baywide  nominal  directed  effort  displayed  a  near  fivefold  increase  in  1945.  resulting  in  sharply  declining  catch  per  unit  effort  (CPUE) 
in  the  cominercial  fisheries.  The  majonty  of  this  decline  occuned  by  the  late  1960s.  Baywide  CPUE  has  been  noisy  but  without  trend 
since  1970.  The  exponential  decline  in  CPUE  reflected  a  decline  in  the  catchability  of  the  gear  (gear  saturation)  rather  than  a  decline 
in  the  stock.  The  Chesapeake  Bay  blue  crab  fishery  is  overcapitalized,  with  relatively  constant  harvest  divided  among  increasing  gear 
units  and  number  of  participants.  Market  category  data  revealed  that  Maryland  female  harvest  is  8%  above  the  1982  to  1995  average: 
Virginia  winter  dredge  female  landings  in  1993  to  1994  were  29%  below  the  1982  to  1992  average.  Baywide  female  blue  crab  harvest 
was  slightly  below  the  long-term  average  from  1982  to  1995.  The  Baywide  commercial  fisheries  have  realized  yield  at  approximately 
the  value  of  maximum  sustainable  yield  (MSY;  37-39  x  lO*"  kg)  during  the  last  15  years.  Total  yield  approximated  or  exceeded  MSY 
in  the  mid-1960s  and  after  1980.  Current  yield  was  slightly  below  MSY.  The  Chesapeake  Bay  blue  crab  population  is  maintaining 
recruitment  to  the  stock,  and  levels  of  exploitable  and  spawning  stock  biomass  at  near  long-term  average  levels  of  abundance. 

KEY  WORD,S:     Blue  Crab,  Callmeclc.s  .sapiJus.  Chesapeake  Bay.  harvest,  population,  fishery,  sustainable  yield 

INTRODUCTION  landings  in  1995  totaled  3.^.5  x  10''  kg.  The  recreational  harvest  of 

blue  crabs  is  also  important:  however,  estimates  of  this  component 

The  blue  crab  [Calliiiecles  sapidits  Rathbun)  is  found  from  of  the  fishery  are  available  for  only  3  years  for  the  Maryland 

Nova  Scotia  to  Uruguay  and  occurs  in  rivers,  sounds,  and  near-  fishery,  and  unavailable  for  the  Virginia  and  the  Potomac  Ri\er 

shore  waters  of  the  Atlantic  Ocean.  Blue  crabs  are  fished  com-  fisheries. 

mercially  and  recreationally  from  New  Jersey  to  Florida  and  along  Chesapeake  Bay  blue  crabs  are  managed  under  the  Chesapeake 
the  Gulf  of  Mexico  coast  to  Texas.  The  blue  crab  population  of  the  Bay  Program's  (CBP)  Blue  Crab  Fishery  Managetnent  Plan  pre- 
Chesapeake  Bay  is  distributed  throughout  the  bay  and  its  tidal  }pMtid  anAex  \.\\e  ArecXwnoi  \he  1987  Chesapeake  Bay  Agreement. 
tributaries.  This  population  displays  pronounced  sex-specific  dif-  An  initial  blue  crab  fishery  management  plan  was  implemented  in 
ferences  in  spatial  distribution,  with  males  generally  found  in  areas  1989  (Anon.  1989).  Under  this  framework,  individual  Chesapeake 
of  lower  salinity.  Female  blue  crabs  are  more  prevalent  in  Virginia  Bay  states  and  the  Potomac  River  Fisheries  Commission  imple- 
waters  of  the  Chesapeake  Bay.  Most  mating  occurs  in  midbay.  ment  management  and  regulatory  actions  within  their  respective 
where  salinity  preferences  of  the  sexes  overlap.  Mature  female  jurisdictional  waters.  The  Chesapeake  Bay  Program's  fishery  man- 
blue  crabs  move  down  the  bay  in  the  fall  and  winter  seasons,  with  agement  plan  provides  guidance  to  coordinate  management  efforts 
spawning  occurring  in  the  vicinity  of  the  mouth  of  the  Chesapeake  among  jurisdictions.  A  revised  blue  crab  fishery  management  plan 
Bay.  Peak  spawning  usually  occurs  between  May  and  September:  was  adopted  by  the  CBP  in  1997  (Anon.  1997), 
larvae  are  transported  out  of  the  Bay  and  along  the  coastal  shelf, 

then  back  into  the  Bay  to  undergo  development  and  recruitment  to  Historical  Perspective 
the  stock. 

Blue  crabs  support  the  most  commercial  and  recreational  fish-  Blue  crabs  have  been  harvested  and  cultured  for  local  con- 

ery  in  the  Chesapeake  Bay.  Chesapeake  Baywide  commercial  sumption  since  colonial  times.  In  the  earliest  years,  a  wide  market 
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could  not  be  established,  because  crabs  were  not  easily  preserved 
or  transported.  A  directed  commercial  fishery  for  blue  crabs  began 
in  the  Chesapeake  Bay  region  by  1880,  and  the  fishery  subse- 
quently spread  throughout  the  range  of  the  species  in  North 
America.  Maryland  and  Virginia  have  historically  produced,  and 
continue  to  market,  more  blue  crabs  than  any  other  region. 

According  to  the  original  systematic  study  of  the  blue  crab.  The 
Life  Histoiy  of  the  Blue  Crab,  blue  crabs  were  first  marketed  in  the 
United  States  around  1873.  when  soft  crabs  were  shipped  from 
Crisfield.  Maryland  to  Philadelphia  (Churchill  \^)\'~>).  The  hard 
crab  fishery  originated  in  1878  with  the  opening  of  a  cannery  in 
Virginia,  and  by  1880  demand,  was  widespread.  Soon  thereafter, 
demand  increased  for  both  soft  and  hard  crabs  in  the  restaurants  of 
Philadelphia  and  New  York.  The  Chesapeake  Bay  harvest  of  blue 
crabs  was  within  feasible  transport  distance  and.  as  markets  ex- 
panded, Chesapeake  crab  stocks  accommodated  rapidly  increasing 
harvests,  which  grew  from  appro.ximately  4.1  x  10''  kg  in  18*^0  to 
9.1  X  10''  kg  by  1900.  Although  harvest  reports  were  sporadic 
through  1929.  available  information  indicates  that  reported  har- 
vests continued  to  increase  from  1880  to  1915,  perhaps  largely 
because  of  improved  shipping  facilities  and  the  use  of  ice  in  pres- 
ervation. 

In  a  1924  report.  Maryland's  Efforts  tii  Save  the  Blue  Crab  iif 
Chesapeake  Bay.  the  demise  of  the  blue  crab  stock  and  industry 
was  predicted  (Earle  1924).  This  prediction  was  motivated  by  a 
55%  decrease  in  reported  harvests  from  1915  to  1920.  Reported 
landings  rebounded  somewhat  thereafter,  despite  year-to-year  \ ari- 
ability.  In  1939.  another  comprehensive  study  predicted  depletion 
and  collapse  of  the  blue  crab  resource  unless  a  number  of  specific 
management  measures  were  enacted  (Truitt  1939).  In  this  report, 
the  author  noted  that  the  blue  crab's  high  fecundity  and  short  life 
span  enabled  it  to  "survive  at  great  odds."  A  new  low  in  reported 
bay  harvest  occun-ed  during  World  War  II.  Reported  harvests  gen- 
erally increased  to  record  levels  from  1945  through  the  decade  of 
1980s,  interspersed  with  intervals  of  reduced  harvests. 

If  reported  harvests  are  indicative  of  stock  abundance,  and 
despite  the  over-all  increasing  trend,  there  were  three  periods  of 
prolonged,  relatively  low  abundance  since  1929.  These  periods 
were  from  1930  to  1945.  from  1951  to  1960.  and  from  1968  to 
1980.  In  each  of  these  periods,  apparent  abundance  was  below  the 
long-term  average  from  1945  to  1995.  It  is  not  possible  to  ascribe 
causation  to  these  periods  of  lower  harvest  and  presumably  lower 
stock,  although  environmental  conditions,  ecological  interactions, 
and  market  forces  have  been  hypothesized.  Harvest  data  for  the 
period  1930  to  1945  was  likely  contaminated  by  the  effects  of  WW 
II.  which  is  represented  in  many  United  States  fisheries  by  lower 
levels  of  directed  fishing  effort  and  harvest.  It  is  important  to  note 
that  historically  the  blue  crab  fishery,  and  apparently  the  Chesa- 
peake Bay  stock,  has  undergone  periods  of  low  abundance  that 
cannot  be  ascribed  solely  to  changes  in  fishing  effort  and  fishing 
power.  Any  interpretation  of  recent  trends  in  reported  harvests, 
therefore,  must  consider  the  historical  perspective. 

Regions  outside  the  Chesapeake  Bay  began  to  develop  their 
blue  crab  fisheries  around  1945.  By  1950.  the  southern  Atlantic 
and  Gulf  of  Mexico  states  began  to  bring  considerable  quantities  of 
blue  crabs  to  market.  North  and  South  Carolina.  Georgia,  and 
Florida  entered  the  market,  followed  closely  by  the  Gulf  states  of 
Alabama,  Mississippi,  Louisiana,  and  Texas.  Although  of  some 
regional  importance,  the  Middle  Atlantic  states,  excluding  the 
Chesapeake,  contributed  relatively  small  amounts  of  blue  crab 
harvest  to  the  national  total.  From  1990  to  1994.  6.1,  36.5.  28.2. 
and  29.29(  of  the  total  U.S.  blue  crab  landings  were  attributed. 


respectively,  to  the  Middle  Atlantic,  Chesapeake  Bay,  South  At- 
lantic, and  Gulf  of  Mexico  regions.  Maryland  and  Virginia  have 
historically  produced  and  marketed  more  blue  crabs  than  any  other 


Commercial  Gear 

Blue  crabs  were  captured  by  a  variety  of  fishing  gear  and 
methods.  The  principal  gears  used  in  the  Chesapeake  Bay  commer- 
cial blue  crab  fishery  are  pots,  trotlines,  scrapes,  dredges,  and  otter 
trawls.  Since  the  1950s,  crab  pots,  which  were  introduced  in  the 
1930s,  have  accounted  for  the  largest  proportion  of  reported  com- 
mercial landings.  Following  its  patenting  in  1938,  the  crab  pot 
quickly  began  to  replace  other  gear  in  the  Chesapeake  as  the  gear 
of  choice.  For  the  period  in  which  reliable  data  exist  ( 1964-1988), 
the  percentage  of  the  reported  harvest  landed  by  crab  pots  ranged 
from  approximately  60  to  80%.  Most  crab  pots  are  0.6  m  squares 
constructed  of  2.9  mm  steel  wire,  and  include  two  or  more  conical 
entry  ways  leading  to  a  baited  compartment.  Pots  are  set  in  up  to 
18  m  depths  and  connected  to  the  surface  by  a  buoyed  rope.  The 
crab  pot  is  used  primarily  by  commercial  fisheries,  however,  they 
are  deployed  by  a  segment  of  the  recreational  fishery — notably,  by 
riparian  land  owners. 

Prior  to  the  invention  of  the  crab  pot,  the  trotline  was  the 
dominant  commercial  gear.  Use  of  the  trotline  remains  important 
today  in  the  commercial  fishery,  particularly  in  Maryland,  and  to 
recreational  fishers  to  a  lesser  extent.  Trotlines  are  lines  up  to  1.6 
km  long  with  other  baited  lines  attached  at  regular  intervals  of  1.8 
to  2  m.  From  1964  to  1988,  trotline  catch  accounted  for  5  to  25% 
of  reported  total  baywide  commercial  landings. 

The  crab  dredge,  a  1.8  m  toothed  bar  attached  to  a  steel  mesh 
bag,  is  used  exclusively  in  Virginia's  winter  fishery,  and  accounted 
for  5  to  20%  of  the  reported  commercial  landings  for  the  period  of 
record.  Dredge  capture  of  buried  overwintering  crabs  has  demon- 
strated loss  of  otherwise  marketable  crabs  because  of  crush  dam- 
age from  the  gear.  The  crab  scrape,  developed  in  1870.  has  his- 
torically been  the  principal  gear  used  in  the  directed  peeler/soft 
crab  fishery,  although  peeler  pots  (small  mesh  pots)  have  begun  to 
account  for  more  landings.  In  the  southern  Atlantic  states  and  Gulf 
of  Mexico,  crab  pots  and  otter  trawls  have  been  particularly  im- 
portant gears.  Anecdotal  information  suggested  that  children  using 
push  or  dip  nets  while  wading  in  shallow  water  were  responsible 
for  the  majority  of  the  Chesapeake  Bay  peeler/soft  crab  catch 
before  development  of  the  crab  scrape. 

Market  Categories 

The  United  States  blue  crab  fishery  has  many  components.  The 
commercial  fishery  targets  both  hard  crabs  and  peeler/soft  crabs, 
the  latter  accounting  for  a  small  percentage  by  weight  of  the  total 
reported  landings.  Hard  crabs  are  sold  in  the  live-trade  market  to 
restaurants  and  consumers  directly,  to  processors  where  crab  meat 
is  prepared  for  resale,  and  in  overseas  markets.  Soft  crabs  are  sold 
live  or  frozen  within  the  United  States  and  in  export  markets. 

United  States  market  categories  for  blue  crabs  are  usualls  di- 
vided into  hard  crab  landings,  and  peeler/soft  crab  landings.  Hard 
crabs  have  a  hard  carapace  and  are  between  molts;  whereas,  peel- 
ers are  hard  crabs  showing  signs  (i.e.,  an  emerging  new  shell)  of 
imminent  molting.  Soft  crabs  are  crabs  that  have  recently  molted 
and  not  yet  hardened.  Soft  crabs  are  caught  in  the  wild  but  more 
often  are  produced  in  an  operation  that  holds  peelers  in  shedding 
tanks  until  molting  occurs. 
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TABLE  I. 

Commercial  harvest  (1(1'  kg)  of  hard  and  soft  blue  irali  from  Mar>Iand  and  \  irginia,  and  the  bavwide  total  harvest,  nominal  effort"  and 

catch  per  unit  effort  from  1445  to  1995. 


Maryland 

Virginia 

Bavwide 

Total 

Nominal 

Std. 

Year 

Hard 

Soft 

Total 

Hard 

Soft 

Total 

Harvest 

Effort 

CPUE 

1945 

SI  72 

769 

8941 

7894 

815 

8709 

17650 

89601 

0.434 

1946 

11264 

1169 

12433 

11268 

731 

11999 

24432 

120031 

0.449 

1947 

11312 

1361 

12674 

14401 

1087 

15488 

28162 

100256 

0.619 

1948 

9123 

842 

9965 

17907 

1232 

19140 

29105 

128027 

0.501 

1949 

9792 

1054 

10S47 

17(152 

1117 

18168 

29015 

141889 

0.451 

1950 

12177 

1311 

13488 

19461 

1437 

20898 

34385 

164171 

0.462 

1951 

12024 

914 

12939 

15763 

1778 

17542 

30480 

165932 

0.405 

1952 

11760 

712 

12473 

14054 

986 

15039 

27512 

137185 

0.442 

1953 

11958 

864 

12823 

1 3702 

1162 

14864 

27687 

159316 

0.383 

1954 

8151 

501 

8652 

1 367 1 

934 

14605 

23258 

149313 

0.343 

1955 

6908 

545 

7453 

1 1432 

804 

12236 

19688 

165734 

0.262 

1956 

9618 

829 

10448 

10423 

786 

11209 

21656 

169062 

0.282 

1957 

12419 

1554 

1 3973 

10054 

716 

10769 

24742 

203852 

0.268 

1958 

11571 

1439 

13010 

7227 

562 

7790 

20800 

198439 

0.231 

1959 

9405 

890 

10295 

8100 

483 

8584 

18879 

260846 

0.160 

1960 

12044 

1263 

13307 

1 605 1 

624 

16675 

29982 

298412 

0.222 

1961 

12002 

1220 

13222 

17711 

619 

18330 

31552 

264643 

0.263 

1962 

12447 

1763 

14210 

21909 

549 

22458 

36668 

291079 

0.278 

1963 

7588 

955 

8543 

19102 

376 

19478 

28021 

326158 

0.189 

1964 

10112 

1584 

11696 

20S25 

363 

21188 

32884 

277271 

0.262 

1965 

14170 

1181 

15351 

20257 

432 

20689 

36040 

302071 

0.263 

1966 

16429 

854 

1 7283 

28112 

442 

28554 

45837 

373684 

0.270 

1967 

11057 

987 

12044 

24863 

552 

25415 

37459 

340013 

0.243 

1968 

4184 

454 

4639 

20336 

366 

20702 

25340 

326144 

0.171 

1969 

10356 

1015 

11370 

15281 

894 

16175 

27545 

375656 

0.162 

1970 

11164 

715 

11878 

18383 

380 

1 8763 

30641 

400711 

0.169 

1971 

11697 

677 

12374 

21153 

292 

21445 

33819 

331511 

0.225 

1972 

10450 

692 

11142 

20SS3 

340 

*)  1  TTl 

32365 

334223 

0.214 

1973 

8700 

667 

9366 

15520 

391 

15912 

25278 

308727 

0.181 

1973 

10364 

815 

11179 

17071 

339 

17410 

28589 

300465 

0.210 

1975 

10549 

708 

1 1 256 

14186 

321 

14507 

25764 

323645 

0.176 

1976 

8496 

627 

9123 

11469 

339 

11808 

20931 

372001 

0.124 

1977 

9058 

525 

9583 

16063 

310 

16372 

25955 

391517 

0.146 

1978 

7272 

389 

7661 

15887 

351 

16238 

23899 

461145 

0.114 

1979 

10771 

4157 

14928 

16939 

489 

17429 

32357 

548744 

0.130 

1980 

10823 

489 

11312 

15189 

261 

15450 

26762 

490179 

0.120 

1981 

25761 

977 

26738 

20798 

327 

21125 

47863 

749997 

0.141 

1982 

20814 

1221 

22035 

21785 

424 

22209 

44244 

667203 

0.146 

1983 

23740 

1804 

25543 

21259 

356 

21615 

47158 

571223 

0. 1 82 

1984 

19917 

878 

20794 

22273 

400 

22672 

43466 

536019 

0.179 

1985 

23923 

1259 

25182 

17234 

458 

17692 

42873 

498308 

0.190 

1986 

20379 

670 

21049 

1 5467 

257 

15724 

36773 

545847 

0.149 

1987 

18530 

811 

19341 

13453 

180 

13633 

32974 

526384 

0.138 

1988 

18397 

502 

18899 

15116 

441 

15556 

34456 

479227 

0.159 

1989 

18652 

555 

19207 

18297 

561 

18858 

38065 

53529! 

0.157 

1990 

19809 

642 

20451 

20350 

431 

20781 

41232 

439217 

0.207 

1991 

20748 

789 

21537 

19082 

604 

19686 

41223 

511988 

0.178 

1992 

13449 

546 

1 3994 

10571 

226 

10797 

24791 

460488 

0.119 

1993 

25137 

837 

25974 

24596 

846 

25442 

51416 

612916 

0.185 

1994 

18998 

746 

19745 

1 5502 

658 

16160 

35904 

494597 

0.160 

1995 

18358 

772 

19130 

1 3542 

785 

14327 

33457 

614767 

0.120 

"  Nominal  effort  standardized  to  pot  effort. 


MATERIALS  AND  METHODS 

Commercial  Fishery  Data 

Historical  (1945-1995)  Mar>'lan(j  and  Virginia  landings  of  hard 
and  peeler/soft  crabs  from  Chesapeake  Bay  are  presented  in  Table 


1  and  Figures  1  to  3.  Data  from  1945  to  1972  for  Virginia  and 
through  1980  for  Maryland  were  obtained  from  the  Bureau  of 
Commercial  Fisheries  (later  the  National  Marine  Fisheries  Ser- 
vice) annua]  volumes  of  Fisheries  Statistics  of  the  United  States. 
Data  in  subsequent  years  were  provided  by  Virginia  Marine  Re- 
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Figure  1.  Maryland  reported  commercial  harvest  (Kt''  kg)  of  hard  and       Figure  3.  Chesapeake  Baywide  reported  commercial  harvest  (10''  kg) 
peeler/soft  blue  crabs  from  the  Chesapeake  Bay  for  1945  to  1995.  of  hard  and  peeler/soft  blue  crabs  for  1945  to  1995. 


sources  Commission  (VMRC).  and  Maryland  Department  of  Natu- 
ral Resources  (MDNR).  These  data  are  for  the  commercial  fish- 
eries only;  reported  landings  are  unadjusted  for  under-reporting. 

Chesapeake  Bay  blue  crab  landings  have  shown  inherent  vari- 
ability among  years  (Pearson  1948.  Van  Engel  1958.  Tagatz  1965. 
Abbe  1983,  Lipcius  and  Van  Engel  1990.  Abbe  and  Stagg  1996. 
Rugoloet  al.  1997).  Total  commercial  harvest  since  1981  averaged 
approximately  21  and  19  x  10"  kg  in  Maryland  and  Virginia, 
respectively.  Baywide  total  harvest  in  1995  was  33.5  x  lO''  kg. 
down  17.5%  from  the  1981  to  1994  average  (40.6  x  lO''  kg),  and 
approximately  6.4%  above  the  1945  to  1994  average  (31.5  x  lO'' 
kg). 

Historical  Maryland  and  Virginia  total  nominal  fishing  effort 
and  harvest  data  for  the  three  major  commercial  types  of  gear  (pot. 
dredge,  and  trotline)  are  presented  in  Tables  2a-c.  Effort  data  from 
1945  to  1995  were  most  complete  for  the  baywide  crab  pot  fishery. 
That  fishery  accounted  for  40  to  80%  of  the  landings  from  all 
management  jurisdictions  combined  from  1945  to  1995.  and  for 
70%^  since  1981.  Yearly  fishing  effort  in  the  pot  fishery  for  each 
state  was  measured  as  the  maximum  number  of  pots  fished  in  a 
single  month.  Dredge  effort  was  measured  as  the  number  of  li- 
censed dredge  gears  fishing  in  a  year,  and  trotline  effort  was  based 
on  the  number  of  gear  units  fished  per  year.  Historical  crab  pot 
data  provided  more  consistent  annual  effort  measures  over  the  tinie 
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Figure  2.  Virginia  reported  commercial  harvest  (10''  kg)  of  hard  and 
peeler/soft  blue  crabs  from  the  Chesapeake  Bay  for  1945  to  1995. 


period  than  that  for  trotline  and  dredge  data.  Dredge  and  trotline 
effort  were  converted  to  equivalent  pot  units  and  combined  to 
provide  a  baywide  measure  of  total  nominal  pot  effort  for  years 
1945  to  1995  (Rugolo  et  al.  1997).  Although  a  nominal  ineasure. 
we  considered  that  these  annual  baywide  effort  data  were  suitable 
for  the  purpose  of  interannual  comparisons  and  for  the  analysis  of 
trends  in  effort  since  1945. 

Before  1981.  Maryland  harvest  and  effort  data  were  obtained 
from  a  census  of  commercial  fishers  in  each  year.  Maryland  began 
collecting  more  detailed  harvest  and  effort  data  from  the  commer- 
cial pot  and  trotline  fisheries  in  1981.  From  1981  through  1993. 
data  were  obtained  using  a  sampling  survey  wherein  commercial 
fishers  were  stratified  into  categories  based  on  such  factors  as  gear 
used,  area  fished,  full-  or  part-time  participation,  and  harvest  sea- 
son worked  (Summers  et  al.  1983a.  Summers  et  al.  1983b).  Each 
month  a  subset  of  volunteer  fishers  from  each  category  was  ran- 
domly selected  to  provide  detailed  landings  and  effort  information. 
These  subsaniples  were  expanded  to  reflect  total  harvest  and  effort 
in  the  fishery  based  on  the  relative  proportion  that  each  group  or 
category  contributed  to  the  total  for  the  year.  In  1994.  Maryland 
returned  to  a  census  approach  for  the  estimation  of  blue  crab 
harvest  and  effort.  The  current  mandatory  reporting  system  pro- 
vides data  on  year,  month,  license  type.  gear,  area  fished,  effort 
(days,  amount  of  gear,  and  hours  fished),  and  harvest  by  market 
category. 

In  1981  to  1995.  the  Maryland  coinmercial  harvest  data  dis- 
played an  approximate  74%  increase  in  yield  relative  to  1945  to 
1980.  Cursory  examination  of  these  data  suggested  that  this  in- 
crease may  have  been  a  byproduct  of  the  coincident  reporting 
system  change  in  1981.  Further  examination  of  measures  of  abun- 
dance that  were  independent  of  the  Maryland  harvest  data  pro- 
vided evidence  that  the  increase  in  yield  to  the  Maryland  fisheries 
post- 1 980  resulted  from  an  increase  in  the  underlying  abundance 
of  the  blue  crab  stock  (Rugolo  et  al.  1997). 

Evidence  for  the  increase  in  stock  abundance  in  the  decade  of 
1980  was  twofold.  First,  historical  commercial  blue  crab  harvest 
data  from  the  Potomac  River  denmnstrated  an  analogous  increase 
in  yield  to  the  Potomac  River  lisheries  after  1981  as  seen  in  the 
Maryland  landings  (Table  3.  Fig.  4).  The  mean  percentage  change 
in  Potoinac  River  harvest  pre- 1981  versus  1981  and  later  ac- 
counted for  all  of  the  percentage  change  in  reported  Maryland 
harvest  between  these  periods.  There  was  no  change  in  the  Poto- 
mac River  blue  crab  commercial  harvest  reporting  system  in  1981 
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TABLE  2a. 

Crab  pot  harvest  (Hi'  kg)  and  nominal  tfforl  for  Maryland  and 
\  irginia  llsherits  from  1945  to  IWS. 


TABLE  2b. 

Crab  dredge  harvest  I  H)'  kg)  and  effort  for  Maryland  and  Virginia 
fisheries  from  1945  to  1995. 


Maryland 

\ 

irginia 

Year 

Mary 

land 

Virginia 

Year 

Effort" 

Harvest 

Effort" 

Harvest 

Effort" 

Harvest 

Effort" 

Harvest 

1945 

7365 

2848 

37800 

6059 

1945 

0 

0 

168 

1025 

1946 

8470 

2679 

42300 

7657 

1946 

305 

0 

208 

1621 

1947 

9655 

3376 

37900 

9984 

1947 

30 

12 

265 

1559 

1948 

19400 

2625 

46650 

12393 

1948 

60 

97 

288 

2049 

1949 

19100 

2882 

51400 

11537 

1949 

30 

133 

339 

2906 

1950 

24030 

4071 

61500 

13846 

1950 

34 

92 

268 

3484 

1951 

28550 

5498 

58650 

10523 

1951 

39 

63 

293 

3943 

1952 

20900 

5103 

51350 

9388 

1952 

67 

139 

297 

3453 

1953 

26650 

5337 

55850 

9003 

1953 

45 

116 

283 

3220 

1954 

35550 

4241 

53100 

9570 

1954 

39 

39 

294 

2830 

1955 

45400 

3343 

49250 

7903 

1955 

36 

33 

401 

2346 

1956 

50152 

5441 

45400 

6801 

1956 

58 

34 

392 

3255 

1957 

45680 

7648 

88255 

8611 

1957 

57 

45 

359 

1271 

1958 

47300 

7415 

82130 

6154 

1958 

67 

47 

303 

1030 

1959 

71160 

5497 

98385 

6776 

1959 

45 

26 

275 

2106 

1960 

58000 

7155 

137075 

12447 

1960 

11 

88 

337 

4783 

1961 

61275 

6401 

113995 

14500 

1961 

4 

5 

450 

4120 

1962 

73081 

6880 

115183 

16841 

1962 

8 

5 

384 

5912 

1963 

59983 

3937 

132100 

12569 

1963 

1 

14 

406 

7496 

1964 

63915 

5591 

120680 

16306 

1964 

4 

11 

362 

5958 

1965 

78660 

8133 

138816 

17818 

1965 

1 

2 

324 

4279 

1966 

82750 

7428 

130972 

18792 

1966 

0 

0 

298 

6915 

1967 

88685 

5937 

114903 

16496 

1967 

0 

0 

283 

6794 

1968 

73785 

2326 

138805 

14195 

1968 

0 

0 

320 

4478 

1969 

77150 

5994 

153045 

10888 

1969 

0 

0 

300 

3490 

1970 

86160 

6525 

168275 

12934 

1970 

0 

0 

324 

4789 

1971 

94030 

7053 

133450 

16157 

1971 

0 

0 

285 

4972 

1972 

94795 

6274 

140475 

16512 

1972 

0 

0 

273 

5601 

1973 

84415 

5263 

136785 

12852 

1973 

0 

0 

320 

4028 

1974 

109650 

7053 

123024 

15089 

1974 

0 

0 

158 

3666 

1975 

110982 

7168 

153554 

13894 

1975 

0 

0 

173 

2024 

1976 

105225 

5867 

160357 

9079 

1976 

0 

0 

231 

2763 

1977 

142415 

6219 

166740 

14279 

1977 

0 

0 

249 

2778 

1978 

177470 

5904 

196911 

13502 

1978 

0 

0 

308 

2997 

1979 

198325 

9177 

212108 

15029 

1979 

0 

0 

319 

3223 

1980 

191 105 

10075 

230080 

12925 

1980 

0 

0 

381 

4283 

1981 

159228 

8274 

198226 

14542 

1981 

0 

0 

413 

4669 

1982 

190409 

11255 

229385 

16588 

1982 

0 

0 

415 

3483 

1983 

177763 

14295 

216748 

18280 

1983 

0 

0 

385 

2854 

1984 

171985 

13147 

210974 

17913 

1984 

0 

0 

462 

4837 

1985 

167214 

16308 

206206 

15825 

1985 

0 

0 

460 

2980 

1986 

186170 

14088 

225149 

13627 

1986 

0 

0 

486 

3719 

1987 

184311 

12667 

223291 

12870 

1987 

0 

0 

426 

2527 

1988 

166502 

12885 

205494 

13865 

1988 

0 

0 

530 

2814 

1989 

172124 

11649 

211113 

15608 

1989 

0 

0 

577 

4507 

1990 

150355 

12076 

189359 

19821 

1990 

0 

0 

652 

3597 

1991 

162050 

12862 

201046 

16378 

1991 

0 

0 

558 

3479 

1992 

144095 

8594 

183103 

9025 

1992 

0 

0 

479 

1731 

1993" 

198955 

16589 

237925 

20227 

1993" 

0 

0 

524 

3452 

1994" 

170981 

11480 

209970 

13823 

1994" 

0 

0 

890 

1975 

1995" 

205626 

12042 

244591 

12560 

1995" 

0 

0 

n/a 

1248 

"  Effort  is  the  number  of  pots  in  the  month  with  maximum  reported  for  each 

year. 

"  1993  to  1995  data  are  preliminary. 

or  thereafter,  as  occurred  in  Mar>iand.  Second,  the  change  in 
relative  abundance  in  the  exploitable  stock  measured  by  the  fish- 
eries-independent research  survey  at  Calvert  Cliffs  (Abbe  1983. 
Abbe  and  Stagg   1996)  accounted  for  96%  of  the  percentage 


"  Effort  is  expressed  as  the  number  of  dredges 
"  1993  to  1995  data  are  preliminary. 


change  in  Maryland  commercial  yield  before  and  after  the  change 
m  reporting  system  (Fig.  5).  The  trends  in  abundance  illustrated  in 
the  Calvert  Cliffs  survey  and  Maryland  reported  harvest  data  were 
highly  correlated  (Abbe  and  Stagg  1996.  Rugolo  et  al.  1997).  and 
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TABLE  2c. 

Crab  trotline  harvest  ( lO'  kg)  and  effort  for  Maryland  and  Virginia 
fisheries  from  1945  to  1995. 


TABLE  3. 

Potomac  River  blue  crab  harvest  (10'  kg)  and  effort  (number  of 
commercial  blue  crab  licenses  issued)  for  1964  to  1996. 


Marvland 


Virginia 


Year 


Harvest 


Effort 


Year 


Effort' 


Harvest 


Effort" 


Harvest 


1945 

1946 

1947 

1948 

1949 

1 95(.) 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1 993" 

1994" 

1995" 


1520 
1418 
1209 
1168 
1137 
1131 
990 
1022 
1042 
975 
2195 
2672 
2367 
2352 
2236 
1983 
2332 
2296 
2160 
2212 
2641 
2904 
3080 
3005 
3216 
5583 
7848 
7984 
7987 
9272 
9958 
1 1 362 
14299 
1 7063 
16207 
10048 
10350 
II 53 1 
10434 
5224 
4320 
4402 
4124 
4384 
5009 
4606 
4106 
3607 
4227 
4240 
4755 


5597 
8959 
8396 
6681 
7087 
8420 
6817 
7228 
6543 
4390 
3563 
3850 
4964 
5096 
4147 
5133 
5757 
5757 
3830 
4770 
6528 
6435 
5351 
1979 
4501 
4790 
4813 
4397 
3622 
4150 
3877 
2938 
2942 
1756 
2280 
1708 
6723 
10425 
11336 
7897 
8876 
7026 
6850 
6327 
766(1 
8748 
8623 
5114 
9019 
7323 
6316 


227 

511 

493 

586 

634 

465 

465 

457 

485 

331 

299 

236 

241 

252 

255 

248 

210 

117 

145 

1.30 

94 

72 

60 

75 

47 

66 

1.34 

146 

6 

0 

6 

5 

4 

66 

29 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(1 

0 
0 


1363 

2925 

4127 

5066 

4071 

3784 

2676 

2433 

2499 

2.393 

1993 

1637 

1446 

856 

780 

763 

1400 

1629 

898 

1183 

865 

2456 

840 

1181 

940 

1166 

510 

70 

8 

0 

24 

0 

0 

1 

15 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


°  Effort  is  expressed  as  llii.'  number  ol  trotlines. 
"1993  10  1995  data  are  preliminary. 

it  seemed  that  these  data  are  internally  consistent.  Over  the  period 
1968  to  1995,  the  Calvert  Cliffs  abundance  index  (mean  number  of 
age  1  +  crabs  per  tow)  was  highly  correlated  with  the  Maryland  pot 
and  Maryland  total  harvest  (r"  =  0.72  and  0.70.  respeclivcly.  p  < 


1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 


l-WI 

1490 

1589 

III! 

689 

736 

864 

863 

963 

727 

757 

943 

902 

357 

1007 

1323 

n/a 

n/a 

1893 

2221 

1802 

2734 

2657 

2173 

2251 

2411 

2321 

3255 

2620 

3400 

2696 

1823 

2508 


226 
231 
256 
244 
223 
234 
224 
226 
228 
247 
273 
.301 
338 
384 
395 
349 
336 
375 
414 
397 
418 
400 
404 
387 
366 
363 
386 
390 
419 
459 
442 
500 
570 


.0001 ).  and  with  the  Maryland  commercial  pot  catch  per  unit  effort 
(CPUE)  (r-  =  0.88,  p  <  .0001).  The  Calvert  Cliffs  exploitable 
stock  biomass  indices  were  also  compared  to  the  trends  in  the 
Maryland  harvest  from  1981  to  1993.  The  comparison  of  both  time 


800 


O 
m 
z 
w 
m 
en 

en 

c 


> 

q: 
< 

X 


200 


o 


3 


80 

YEAR 
Figure  4.  Potomac  River  blue  commercial  harvest  (10"  kg),  and  the 
number  of  commercial  blue  crab  licenses  issued  from  1964  to  1996. 
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Figure  5.  Maryland  reported  commercial  blue  crab  pol  harvest  (high, 
low,  mean!  in  10"  kg,  and  Calvert  Cliffs  survey  CPUE  (high,  low, 
mean)  for  the  time  periods  1968  to  1980,  and  1981  to  1994. 

series  revealed  that  the  steady  increase  in  Maryland  harvest  in  the 
early  to  mid-1980s  coincided  with  the  highest  blue  crab  abundance 
indices,  especially  in  the  1981  Calvert  Cliffs  biomass  index 
(Rugolo  et  al.  1997). 

Based  on  recent  time  series  of  harvest  and  effort  data  from 
1982  to  1995,  trends  in  relative  abundance  based  on  CPUE  from 
the  Maryland  pot  and  trotline  fisheries  were  examined  (Fig.  6). 
These  data  showed  fairly  constant  CPUE.  with  no  evidence  of  a 
dramatic  decline  in  the  pot  and  trotline  fisheries  during  those  years. 
Mean  kg/pot/mo  for  the  pot  fishery  increased  from  roughly  10.5  to 
19.1  from  1982  to  1984  and  declined  to  about  10.5  in  1994.  Trot- 
line mean  kg/trotline-h/mo  increased  between  1982  and  1985  from 
9.5  to  15.9  and  remained  fairly  constant  thereafter. 

Historical  Virginia  blue  crab  harvest  data  for  1945  to  1972 
were  obtained  from  annual  volumes  of  the  Fisheries  Statistics  of 
the  United  States  and  from  the  VMRC  for  1973  to  1995.  The  latter 
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Figure  ft.  Maryland  CPl'F,  from  the  commercial  pot  (mean/kg/pot/ 
month)  and  trotline  (kg/trotline-h/mo)  fisheries  for  1982  to  1994. 


records  were  compiled  by  the  VMRC  from  a  voluntary  buyer 
reporting  program.  Virginia  implemented  a  mandatory  harvest  re- 
porting system  in  January  1993:  daily  harvest  and  effort  data  were 
submitted  by  each  commercial  fisher  to  the  VMRC  on  a  monthly 
basis.  This  system  was  thought  to  provide  more  complete  landings 
data  than  the  previous  voluntary  buyer  reporting  system.  Fisheries 
data  are  collected  on  year,  month,  license  type.  gear,  area  fished, 
effort  (days,  number  of  gear,  and  hours  fished),  and  harvest  by 
market  category.  Market  categories  included  designations  for  hard 
crabs  (No.  1  and  No.  2  males,  females,  and  mixed  males  and 
females)  and  soft  crabs.  To  date,  no  standardization  of  data  derived 
from  the  two  reporting  systems  has  been  accomplished.  Beginning 
in  1994.  mandatory  reporting  of  commercial  blue  ciab  harvest  was 
implemented  in  Maryland.  The  cun-ent  reporting  system  collects 
the  same  data  elements  noted  for  Virginia. 

Since  1982,  Maryland  pot  and  trotline  CPUE  varied  without 
significant  trend  (Table  4:  Fig.  6).  Baywide  commercial  landings 
of  blue  crab  from  1945  to  1995  by  pots,  trotlines,  dredges,  scrapes, 
and  pound  nets  are  presented  in  Table  5.  Since  1981.  pots  have 
accounted  for  70%  of  the  baywide  total  commercial  harvest,  and 
that  for  trotline  ranged  from  6  to  38%  with  an  average  of  21% 
(Table  6;  Fig.  7).  The  dredge  fishery,  discontinued  in  Maryland  in 
1966.  accounted  for  5  to  25%  of  baywide  annual  landings  since 
1945  and  averaged  9%  since  1981.  Both  the  scrape  and  pound  net 
fisheries  contributed  minor  amounts  to  the  commercial  landings, 
averaging  only  1%  or  less  of  the  baywide  total  since  1981. 

Annual  baywide  nominal  effort  was  estimated  based  on  CPUE 
standardized  to  the  pot  fishery.  The  historical  pot  fishery  com- 
prised the  majority  (40-80%)  of  baywide  blue  crab  landings.  Total 
Maryland  and  Virginia  crab  pot  harvest  was  divided  by  total  pot 
effort  to  provide  a  measure  of  pot  CPUE.  Total  baywide  harvest 
for  all  gear  combined  was  then  divided  by  pot  CPUE  to  provide  an 
estimate  of  nominal  baywide  effort  (Table  1.  Fig.  8).  Although  the 
time  series  of  pot  effort  was  derived  in  a  consistent  manner  and 
accounted  for  the  majority  of  landings,  it  may  not  be  sufficiently 
resolved  to  reflect  effective  effort  in  the  fishery  accurately.  Nomi- 
nal baywide  effort  showed  a  genei'al  upward  trend,  reflecting  the 

TABLE  4. 

Commercial  harvest  (10"  kg!  of  female  blue  crabs  baywide  and  in 

Maryland;  harvest  (10"  kg)  of  mixed  market  category  in  Maryland; 

and  CPUE  in  the  Maryland  pot  (mean  kg/pot/mo)  and  trotline 

(mean  kg/trotline-h/mo)  fisheries. 


Baywide 

Maryland 

Pot 

Trotline 

Year 

Female 

Female 

Mixed 

CPUE 

CPUE 

1982 

5.57 

4.99 

4.99 

28.42 

22.49 

1983 

10.16 

6.35 

4.08 

32,84 

29.44 

1984 

8.48 

6.35 

3.63 

36.18 

35.46 

1985 

10.29 

8.16 

3.63 

43.20 

37.60 

1986 

6.34 

5.44 

3.17 

36,57 

-TO.04 

1987 

6.44 

4.99 

2.27 

30.56 

30.93 

1988 

8.98 

5.44 

2.72 

31.27 

28.90 

1989 

7.75 

4.99 

3.63 

28.64 

29.62 

1990 

9.12 

.S.44 

3.63 

35.05 

32.50 

1991 

.■5.62 

5.44 

3.17 

34.07 

.%.17 

1992 

4.76 

4.54 

1.81 

23.49 

24.58 

1993 

10.20 

8.62 

3.17 

28.91 

31.74 

1994 

7.17 

7.71 

LSI 

22.57 

26.83 
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TABLE  5. 

Chesapeake  Baywide  blue  eral)  harvest  (10*  k^)  attributed  to  each 
of  the  five  types  of  major  commercial  gear  for  1945  to  1995. 


TABLE  6. 

Percentage  total  annual  bayvvide  blue  crab  harvest  attributed  to 
each  of  five  major  gear  types  for  years  1945  to  1995. 


Year 

Pot 

Pnet 

Tline 

Scrape 

Dredge 

Total 

Year 

Pot 

Pnet 

Tline 

Scrape 

Dredge 

I'=l45 

8898 

189 

6960 

653 

1025 

17726 

1945 

50.2 

1.1 

39.3 

3.7 

5.8 

1946 

10336 

23 

11884 

1199 

1621 

25063 

1946 

41.2 

0.1 

47.4 

4.8 

6.5 

1947 

13361 

20 

12524 

1350 

1570 

28825 

1947 

46.4 

0.1 

43.4 

4.7 

5.4 

1948 

15018 

19 

11748 

1071 

2146 

30001 

1948 

50. 1 

0.1 

39.2 

3.6 

7.2 

1949 

14419 

7 

11158 

1327 

3040 

29951 

1949 

48.1 

0.0 

37.3 

4.4 

10.1 

1950 

17917 

77 

12204 

1737 

3577 

35512 

1950 

50.5 

0.2 

.34.4 

4.9 

10.1 

1951 

16021 

29 

9493 

1971 

4005 

31520 

1951 

50.8 

0.1 

.30.1 

6.3 

12.7 

1952 

14492 

6 

9661 

1131 

3592 

28902 

1952 

50. 1 

0.0 

33.4 

4.0 

12.4 

1953 

14340 

8 

9042 

1427 

3336 

28152 

1953 

50.9 

0.0 

32.1 

5.1 

11.8 

1954 

13811 

9 

6783 

867 

2869 

24338 

1954 

56.7 

0.0 

27.9 

3.6 

11.8 

1955 

11246 

6 

5556 

741 

2379 

19927 

1955 

56.4 

0.0 

27.9 

3.7 

11.9 

1956 

12242 

484 

5487 

1278 

3289 

22780 

1956 

53.7 

2.1 

24.1 

5.6 

14.4 

1957 

16259 

452 

6410 

1891 

1315 

26327 

1957 

61.8 

1.7 

24.3 

7.2 

5.0 

1958 

1 3569 

484 

595 1 

1248 

1 077 

22329 

1958 

60.8 

1  -) 

26.7 

5.6 

4.8 

1959 

12273 

382 

4927 

888 

2 1 33 

20604 

1959 

59.6 

1.9 

23.9 

4.3 

10.4 

I960 

19603 

412 

5896 

1228 

4871 

32010 

1960 

61.2 

1.3 

18.4 

3.8 

15.2 

1961 

20900 

458 

7157 

1226 

4123 

33866 

1961 

61.7 

1.4 

21.1 

3.6 

12.2 

1962 

23720 

440 

7386 

1714 

5916 

39176 

1  '^162 

60.5 

1.1 

18.9 

4.4 

15.1 

1963 

16505 

297 

4727 

901 

7510 

29939 

1963 

55.1 

1.0 

15.8 

3.0 

25.1 

1964 

21897 

272 

5953 

1495 

5969 

35586 

1964 

61.5 

0.8 

16.7 

4.2 

16.8 

1965 

2595 1 

529 

7393 

961 

4281 

39115 

1965 

66.3 

1.4 

18.9 

2.5 

10.9 

1966 

26220 

1134 

8890 

731 

6915 

43891 

1966 

59.7 

2.6 

20.3 

1.7 

15.8 

1967 

22433 

1181 

6192 

862 

6794 

37461 

1967 

59.9 

3.2 

16.5 

2.3 

18.1 

1968 

16520 

715 

3160 

481 

4478 

25355 

1968 

65.2 

2.8 

12.5 

1.9 

17.7 

1969 

16882 

651 

5441 

1075 

3490 

27540 

1969 

61.3 

2.4 

19.8 

3.9 

12.7 

1970 

19459 

660 

5956 

754 

4789 

31619 

1970 

61.5 

2.1 

18.8 

2.4 

15.1 

1971 

23210 

360 

5322 

625 

4972 

34490 

1471 

67.3 

1.0 

15.4 

1.8 

14.4 

1972 

22786 

170 

4467 

732 

5601 

33756 

1972 

67.5 

0.5 

13.2 

■>  -> 

16.6 

1973 

18115 

142 

3630 

674 

4028 

26589 

1973 

68.1 

0.5 

13.7 

2.5 

15.2 

1974 

22143 

170 

4150 

733 

3666 

30862 

1974 

71.7 

0.6 

13.4 

2.4 

11.9 

1975 

21062 

208 

3901 

87 

2024 

27281 

1975 

77.2 

0.8 

14.3 

0.3 

7.4 

1976 

14945 

247 

2938 

542 

2763 

21435 

1976 

69.7 

1.2 

13.7 

2.5 

12.9 

1977 

20499 

180 

2942 

435 

2778 

26834 

1977 

76.4 

0.7 

11.0 

1.6 

10.4 

1978 

19406 

166 

1758 

211 

2997 

24537 

1978 

79.1 

0.7 

7.2 

0.9 

12.2 

1979 

24206 

285 

2295 

228 

3223 

30237 

1979 

80.1 

0.9 

7.6 

0.8 

10.7 

1980 

22999 

199 

1671 

180 

4283 

29333 

1980 

78.4 

0.7 

5.7 

0.6 

14.6 

1981 

22816 

79 

6723 

69 

4669 

34356 

1981 

66.4 

0.2 

19.6 

0.2 

13.6 

1982 

27842 

196 

10425 

54 

3483 

42000 

1982 

66,3 

0.5 

24.8 

0.1 

8.3 

1983 

32575 

58 

11336 

49 

2854 

46872 

1983 

69.5 

0.1 

24.2 

0.1 

6.1 

1984 

31060 

92 

7897 

186 

4837 

44071 

1984 

70.5 

0.2 

17.9 

0.4 

11.0 

1 985 

32134 

59 

8876 

408 

2980 

44457 

1985 

72.3 

0.1 

20.0 

0.9 

6.7 

1986 

27715 

3 

7026 

238 

3719 

38701 

1986 

71.6 

0.0 

18.2 

0.6 

9.6 

1987 

25538 

41 

6850 

358 

2527 

35314 

1987 

72.3 

0.1 

19.4 

1.0 

7.2 

1988 

26751 

93 

6327 

181 

2814 

36165 

1988 

74.0 

0.3 

17.5 

0.5 

7.8 

1989 

27257 

45 

7660 

271 

4507 

39740 

1989 

68.6 

0.1 

19.3 

0.7 

11.3 

1990 

3 1 897 

117 

8748 

243 

3597 

44602 

1990 

71.5 

0.3 

19.6 

0.5 

8.1 

1991 

29240 

469 

8623 

352 

3479 

42163 

1991 

69.4 

1.1 

20.5 

0.8 

8.3 

1992 

17618 

68 

5114 

374 

1731 

24906 

1 992 

70.7 

0.3 

20.5 

1.5 

7.0 

1993 

36816 

108 

9020 

532 

3452 

49929 

1 993 

73.7 

0.2 

18.1 

1.1 

6.9 

1 494 

25303 

93 

7324 

273 

1975 

34968 

1994 

72.4 

0.3 

20.9 

0.8 

5.6 

1995 

24601 

204 

63 1 6 

161 

1248 

3253 1 

1995 

75.6 

0.6 

19.4 

0.5 

3.8 

Pnet  =  pound  net:  Tline  =  trollinc. 


Pnet  =  pound  net;  Tline  =  trotline. 


increased  interest  in  the  blue  crab  fishery  since  1945.  Changes  in 
reporting  methods  and  difficulties  posed  by  the  absence  of  gear- 
specific  efficiency  measures  increase  the  uncertainty  in  these  effort 
data,  but  they  are  consistently  derived  and  are  believed  to  reflect 
the  general  trends  in  the  fishery  over  time. 

An  examination  of  bayvvide  harvest,  effort,  and  C'PUK  data 


iikistrated  interesting  trends.  Bay  wide  harvest  since  1945  seemed 
to  cycle  around  the  long-term  mean,  with  peaks  in  harvests  in 
1950,  1966,  1981,  and  1993,  and  troughs  in  the  mid-  to  late  1950s, 
and  late  1970s  to  early  1980s  (Fig.  3).  Harvest  data  did  not  show 
an  obvious  increasing  trend  since  the  mid- 1940s,  despite  the  fact 
thai  nominal  directed  fishing  effort  has  steadily  increased  over  that 
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Figure  7.  Percentage  of  total  Chesapeake  Baywide  commercial  blue 
crab  harvest  for  the  pot,  pound  net,  trotline,  scrape,  and  dredge  gears. 

time  (Fig.  8).  The  fact  that  the  magnitude  of  harvest  has  remained 
relatively  stable,  coupled  with  a  dramatic  increase  in  fishing  effort 
from  1945  to  1970.  was  reflected  in  the  decreasing  CPUE  in  the 
fishery  (Fig.  9).  Baywide  commercial  CPUE  declined  rapidly  from 
1947  to  1967  and  has  been  slightly  noisy  and  without  trend  since 
the  late  1960s.  These  trends  indicated  that  the  Chesapeake  Bay 
blue  crab  fishery  experienced  hyperdepletion.  in  which  relatively 
consistent  harvest  is  obtained,  despite  greatly  increased  levels  of 
directed  fishing  effon  (Rugolo  et  al.  1997.  Rugolo  et  al.  1998). 
Hyperdepletion  is  often  characteristic  of  saturated  static  gear  fish- 
eries where  CPUE  declines  over  the  range  of  effort  values,  sharply 
at  first,  followed  by  stable  CPUE  as  fishing  effort  remains  high. 

The  factors  or  mechanisms  responsible  for  hyperdepletion  have 
not  previously  been  examined  for  the  Chesapeake  Bay  blue  crab 
fisheries.  In  their  stock  assessment  of  the  Chesapeake  Bay  blue 
crab  population.  Rugolo  et  al.  (1997)  found  that  fishing  mortality 
on  the  population  had  been  relatively  stable  since  1956.  despite  a 
near  fivefold  rise  in  total  nominal  effort  since  1945.  They  provided 
evidence  that  coincident  with  this  rise  in  directed  effort,  there  was 
a  corresponding  decline  in  the  catchability  coefficient  iq)  of  each 
unit  of  effort.  Although  the  decline  in  CPUE  was.  in  fact,  detect- 
able in  their  analysis  and  by  commercial  fishers,  it  reflected  a 
decline  in  the  catchability  of  the  gear  rather  than  a  decline  in 
exploitable  stock  biomass. 

Market  category  data  were  used  to  evaluate  whether  or  not 
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Figure  8.  Chesapeake  Baywide  blue  crab  nominal  fishing  effort  (lO' 
pots)  for  1945  to  1995. 
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Figure  9.  Chesapeake  Baywide  blue  crab  CPUE  (kg/pot)  for  1945  to 
1995. 


there  had  been  an  increase  in  the  female  crab  harvest  in  the  Bay 
since  1982.  associated  with  new  demand  from  the  .Asian  market  for 
egg-bearing  females.  Analysis  of  the  Maryland  landings  data  sug- 
gested an  increase  in  the  harvest  of  females  by  its  fisheries.  It  was 
not  clear  initially  as  to  how  much  of  this  increase  resulted  from  the 
recent  practice  of  extracting  previously  less  desirable  females  from 
the  cull  or  mixed  category  in  response  to  sharp  increases  in  the 
market  price-per-pound  of  females.  Although  female  landings  data 
alone  suggested  a  sharp  increase  in  directed  female  exploitation  in 
the  last  decade,  adjusting  for  the  direct  sale  of  females  from  the 
mixed  category  lowered  this  increase  to  approximately  S9c  (1994) 
over  the  1982  to  1994  mean  (Table  4.  Fig.  10). 

Examination  of  female  blue  crab  harvest  was  also  performed  on 


> 

a: 
< 

X 


□  Female  nMlxed 

■in  - 

— 1 

8- 

6- 

4  - 
2- 

n 

82 


84 


86 


90 


92 


94 


a: 
O 
a. 
O 

ce 
a. 


06 
0  5 
04 
03- 

02  - 
0  1  - 


0 


A 


982-94  Mean 


82 


84 


86 


90 


92 


94 


YEAR 


Figure  10.  .Maryland  commercial  blue  crab  harvest  of  female  and 
mixed-sex  market  categories  in  10''  kg,  and  as  a  proportion  of  total 
harvest  for  1982  to  1994. 
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a  Chesapeake  Baywide  basis.  Chesapeake  Bay  blue  crabs  comprise 
a  unit  stock  throughout  the  Chesapeake  Bay  and  its  tributaries. 
Subsequent  to  the  Maryland  tall  fishery,  the  Virginia  winter  dredge 
fishery  primarily  harvests  female  crabs  that  have  migrated  from 
Maryland  to  Virginia  waters  to  overwinter  in  the  area  of  the  bay 
mouth.  More  than  95%  of  landings  from  the  Virginia  winter 
dredge  fishery  are  females  (Van  Engel  and  Harris  1983).  A  com- 
parison of  average  Virginia  winter  dredge  fishery  landings  during 
the  1982  to  1992  and  1993  to  1994  periods  indicated  that  a  29% 
reduction  in  winter  dredge  landings  occurred  during  the  later  pe- 
riod. When  total  Baywide  female  blue  crab  capture  was  consid- 
ered, cunent  female  harvest  was  slightly  below  the  long-term  av- 
erage for  which  these  data  exist  ( 1982  to  present)  (Fig.  1 1 ). 

Historically,  the  hard  crab  fishery  accounted  for  approximately 
93%  of  commercial  landings  in  Maryland,  97%  in  Virginia,  and 
95%  of  Chesapeake  Baywide  landings  (1945  to  1995).  Since  1981. 
the  Baywide  hard  crab  fishery  represented  approximately  91%  of 
the  total  landings,  although  landings  data  for  soft/peeler  crabs  are 
thought  to  be  considerably  less  accurate  than  those  for  hard  crabs. 
Total  hard  and  peeler/soft  crab  landings  in  Maryland  peaked  at 
nearly  27  x  10''  kg  in  1981.  In  Virginia,  the  highest  total  landings 
were  reported  in  1966  at  29  x  10"  kg  (Table  I ). 

Hard  blue  crab  landings  have  historically  accounted  for  more 
than  90%  of  blue  crab  landings  by  weight.  From  1990  to  1994, 
U.S.  blue  crab  landings  averaged  approximately  96  x  10*  kg,  of 
which  98.4%  or  94.5  x  10''  kg  were  hard  crabs.  The  highest  U.S. 
soft  crab  production  was  in  the  Chesapeake  region,  where  2.7%  of 
reported  landings  over  the  same  period  were  soft  crabs. 

Soft  crabs  are  more  valuable  on  a  per-unit  basis  than  hard  crabs, 
but  these  account  for  only  a  small  percentage  of  the  total  blue  crab 
value.  From  1990  to  1994,  hard  crabs  averaged  $0.29  per  pound, 
whereas,  soft  crabs  averaged  $  1 .25  per  pound,  a  factor  of  4.4.  The 
average  combined  value  of  U.S.  blue  crab  landings  was  $140.2 
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Figure  II.  Comparison  of  Maryland  fall  female  harvest  and  the  sub- 
sequent Virginia  winter  dredge  fishery  harvest  in  10''  kg,  and  as  a 
proportion  of  Maryland  fall  and  \  irginia  winter  harvest  for  1982  to 
1994. 


million  from  1990  to  1994,  of  which  93.2%  or  $130.7  million  was 
derived  from  hard  crab  landings.  In  contrast,  Chesapeake  Bay 
landings  averaged  $53.1  million  during  these  years,  of  which  89% 
or  $47.3  million  was  attributed  to  hard  crab  landings. 

Recreational  Fishery  Data 

Although  commercial  landings  data  for  both  Maryland  and  Vir- 
ginia were  available  based  on  state  reporting  systems,  blue  crab 
recreational  harvest  and  effort  are  unknown  or  poorly  understood 
(Knotts  1989).  It  is  recognized  that  this  component  of  the  fishery 
may  be  substantial. 

Estimates  of  the  recreational  blue  crab  harvest  for  the  combined 
Maryland  fisheries  were  available  for  1983,  1988,  and  1990.  In 
1983  and  1988,  the  MDNR  contracted  with  the  National  Marine 
Fisheries  Service  to  conduct  additional  interviews  and  post  addi- 
tional questions  specific  to  blue  crabs  as  part  of  the  Marine  Rec- 
reational Fisheries  Statistics  Survey  (MRFSS).  In  1990,  recre- 
ational blue  crab  harvest  data  were  collected  using  an  access- 
intercept  survey,  comprising  on-site  fisher  interviews  conducted 
by  Katherine  Chandler  Associates  Research,  Inc.  (KCA)  and  a 
telephone  survey  for  effort  data  as  part  of  the  MRFSS.  Results  of 
the  1983,  1988,  and  1990  surveys  indicated  that  the  Maryland  blue 
crab  recreational  harvest  represented  78.6,  49.5.  and  25.9%  ( 18.6, 
9.7,  and  5.2  x  10*"  kg),  respectively,  of  the  reported  commercial 
harvest  (Stagg  et  al.  1994). 

Despite  the  1990  survey  being  regarded  as  the  more  rigorous  of 
the  three,  a  workshop  hosted  by  Maryland  DNR  in  1991  suggested 
that  the  1990  recreational  harvest  estimate  was  biased  because  of: 
( 1 )  an  incomplete  definition  of  the  sampling  frames  for  the  tele- 
phone and  access-intercept  surveys;  and  (2)  poorly  estimated  catch 
rates  of  riparian  pot  and  trotline  fishers  (Stagg  et  al.  1994).  Mary- 
land catch  reports  were  a\ailahle  from  the  "Noncommercial  Crab- 
ber" license  for  years  1979  to  1994.  This  license  category  included 
crabs  captured  for  personal  consumption  only.  Gears  allowed  were 
seines,  traps,  hand  lines,  dip  nets,  hoop  nets,  trotlines,  and  pots; 
catch  was  restricted  to  I  busheL/person/day  or  2  bushels/boat/day. 
During  1979  to  1994,  noncommercial  crab  harvest  averaged  ap- 
proximately 1 1%  of  the  total  Maryland  reported  commercial  catch. 
The  magnitude  of  United  States  recreational  or  casual  blue  crab 
landings  is  largely  unknown. 

DISCUSSION 

Historical  Chesapeake  Baywide  harvest  and  directed  fishing 
effort  tiine  series  data  for  all  major  commercial  gear  (pot,  trotline, 
dredge,  scrape,  and  pound  net)  for  years  1945  to  1995  were  com- 
piled and  examined.  These  data  provided  a  fairly  consistent  tiine 
series  of  catch  and  effort  information  to  characterize  the  perfor- 
mance of  the  Baywide  commercial  fishery.  Estimates  of  the  mag- 
nitude of  recreational  landings  were  not  available,  although  studies 
in  1983,  1988,  and  1990  suggested  that  this  component  of  the 
fishery  accounted  for  a  sizable  portion  of  total  removals.  Irrespec- 
tive of  refinements  in  recent  data  collection  programs  in  Maryland 
and  Virginia,  improved  estimates  of  catch,  directed  effort,  and 
biological  characteristics  of  the  catch  are  needed  for  the  baywide 
peeler/soft  crab  fishery.  Additionally,  estimates  of  the  magnitude 
of  the  recreational  harvest  and  biological  sampling  of  the  commer- 
cial and  recreational  fisheries  is  fundamental  to  assessment  ot  the 
status  of  the  stock  and  to  understanding  the  dynamics  of  the  fish- 
eries. For  all  segments  of  the  fisheries,  accurate  information  is 
required  on  the  magnitude  of  the  catch,  level  of  directed  effort, 
discard  losses,  and  on  the  biological  characterization  of  the  catch. 
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Based  on  harvest  and  effort  data  from  1982  to  1995  for  the 
Maryland  pot  and  trolline  fisheries,  CPUE  was  fairly  constant  with 
no  e\  idenee  of  a  significant  decline  in  relative  performance  in  the 
pot  and  trotline  fisheries  for  these  years.  Mean  CPUE  for  the  pot 
fishery  increased  from  roughly  10  to  19  kg/pot/mo  from  1982  to 
1984.  and  declined  to  about  10  in  1994.  Trotline  CPUE  increased 
between  1982  and  1985  from  appro.ximately  21  to  35  kg/trotlme- 
h/mo.  and  remained  fairly  consistent  thereafter.  The  cornbined 
Maryland  blue  crab  fisheries  yield  has  varied  without  significant 
trend  since  1982. 

In  1981  and  thereafter,  the  Maryland  harvest  data  suggested  a 
marked  increase  in  total  yield  coincident  with  a  change  in  the 
harvest  reporting  system.  Examination  of  measures  of  abundance 
independent  of  the  Maryland  harvest  data  provided  compelling 
evidence  that  the  increase  in  yield  to  the  Maryland  fisheries  post- 
1980  resulted  from  an  increase  in  the  underlying  abundance  of  the 
stock  targeted  by  the  fisheries,  at  a  near  constant  rate  of  exploita- 
tion (Rugolo  et  al..  this  volume).  Increases  in  both  the  relative 
exploitable  stock  biomass  measured  by  the  Calvert  Cliffs  survey 
and  the  commercial  harvest  from  the  Potomac  River  corroborate 
an  increase  in  stock  abundance  in  the  decade  of  the  1980s. 

The  total  yield  of  the  combined  Chesapeake  Baywide  blue  crab 
fisheries  varied  without  significant  trend  since  1945.  Baywide  har- 
vest since  1945  seemed  to  cycle  around  the  long-term  mean  with 
peaks  in  harvests  in  1950.  1966,  1981,  and  1993.  and  troughs  in  the 
mid-  to  late- 1 950s  and  late  1970s  to  early  1980s.  Harvest  data  did 
not  show  an  expected  increasing  trend  since  the  mid-  1940s,  despite 
an  approximate  fivefold  increase  in  directed  fishing  effort  since 
1945.  The  fact  that  the  magnitude  of  harvest  remained  relatively 
stable,  coincident  with  a  dramatic  increase  in  fishing  effort  during 
the  last  50  years,  was  reflected  in  the  sharply  decreasing  CPUE  in 
the  combined  Chesapeake  Bay  commercial  fisheries.  The  majority 
of  the  decline  in  CPUE  occurred  by  the  late  1960s,  principally 
between  1947  to  1967.  For  the  period  1970  to  1995.  Baywide 
CPUE  has  been  slightly  noisy,  although  without  trend.  This  phe- 
nomenon of  initial  sharply  declining  CPUE  followed  by  stable 
CPUE  as  effort  increases  is  often  associated  with  saturated  static 
gear  fisheries  (Rugolo  et  al.  1998).  In  their  stock  assessment, 
Rugolo  et  al.  ( 1997)  found  evidence  that  gear  saturation  is  oper- 


ating in  the  Chesapeake  Bay  blue  crab  fishery.  Although  the  his- 
torical decline  in  CPUE  was  detectable,  they  concluded  that  it 
reflected  a  decline  in  the  catchability  coefficient  (c/)  rather  than  a 
decline  in  the  status  of  the  exploitable  stock.  The  Chesapeake  Bay 
blue  crab  fishery  is  overcapitalized  in  terms  of  the  quantity  of  gear 
applied  to  the  harvest.  It  is  also  operating  at  low  levels  of  effi- 
ciency, with  a  relatively  constant  harvest  divided  among  increasing 
numbers  of  participants  and  units  of  gear. 

Examination  of  market  category  data  provided  a  context  for 
evaluating  the  pattern  of  female  crab  harvest  in  Maryland  and 
Baywide.  When  the  mixed  market  category  is  considered,  current 
combined  Maryland  female  and  mixed  category  harvest  was  only 
slightly  (8%)  above  the  long-term  average  measured  from  1982  to 
1995.  The  current  total  Chesapeake  Baywide  female  blue  crab 
harvest  was  not  dramatic  in  the  context  of  the  unit  .stock.  The 
Virginia  winter  dredge  female  landings  during  1982  and  1992  and 
1993  to  1994  indicated  a  19'/c  reduction  in  yield  during  the  later 
period.  When  total  Baywide  female  blue  crab  capture  is  consid- 
ered, current  female  harvest  was  slightly  below  the  long-term  av- 
erage from  1982-95. 

During  the  last  15  years,  the  combined  Baywide  commercial 
blue  crab  fisheries  have  realized  total  yield  at  approximately  MSY. 
estimated  at  37-39  x  10"  kg  (Rugolo  et  al.,  1998).  Baywide  yield 
approximated,  or  largely  exceeded  MSY  in  the  mid-1960s  and 
after  1980.  respecti\ely.  Current  commercial  yield  for  the  Baywide 
blue  crab  fisheries  was  slightly  below  MSY.  The  Chesapeake  Bay 
blue  crab  population  has  maintained  both  exploitable  and  spawn- 
ing stock  biomass  at  near  long-term  average  levels. 
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ABSTRACT  During  the  1990s,  annual  reported  landings  in  the  Gulf  of  Mexico  coinniercial  hard  and  soft  blue  crab  fisheries  averaged 
62.05  X  10''  pounds  (2.82  x  10"  kg)  valued  at  $29.6  x  10"  and  214,000  pounds  (97,373  kg)  wonh  $376,000,  respectively.  Recreational 
fishery  landings  are  estimated  to  be  up  to  5%  of  commercial  production.  Accurate  assessment  of  stock  status  and  economic  impact  of 
the  fishery  is  hindered  by  the  lack  of  reliable  effort  and  harvest  data  from  all  components  of  the  Gulf  fishery.  Fishery  independent  data 
sets  from  individual  states  show  temporal  periodicity  of  settlement  events  are  similar  from  year  to  year:  however,  the  magnitude  of 
settlement  is  highly  variable.  Trends  in  catch  of  early  crabs  and  juveniles  are  not  consistent  from  state  to  state.  Postsettlement  survival 
seems  to  be  the  determinant  of  eventual  population  size.  Management  strategies  should  be  directed  toward:  ( I )  policies  that  address 
enhancement  of  juvenile  survivorship:  (2)  collection  of  reliable  effort  and  harvest  data:  (3)  enforcement  of  sublegal  crab  regulations; 
(4)  protection  of  habitat:  (.S)  stabilization  or  reduction  in  fishing  effort:  and  (6)  resolution  of  user  group  conflicts. 

KEY  WORDS:     Gulf  of  Mexico,  blue  crab  fishery.  Ccillinfctcs  sapiJiis.  management  strategies 


INTRODUCTION  COMMERCIAL  FISHERIES 

Significant  changes  have  occurred  in  the  blue  crab  {Calliiiectcs  Fishery-dependent  data  (i.e.,  value,  landings,  number  of  fishers 

.tt7/)/(/;(.'i)  fishery  in  the  Gulf  of  Mexico  since  publication  of  the  blue  ^md  vessels,  and  units  of  gear)  were  obtained  from  the  National 

crab  regional  fishery  management  plan  (Steele  and  Perry  1990)  Marine  Fisheries  Service  (NMFS)  unless  otherwise  stated.  Ffshing 

and  earlier  descriptions  of  the  gulf  fishei7  (Moss  1982,  Otwell  and  effort  data  for  1978  were  incomplete. 
Cato  1982.  Millikin  and  Williams  1984.  Pen^  et  al.  1982.  1984; 

Perry  and  Mcllwain  1986).  Although  many  of  these  changes  are  HARD  CRABS 
reflective  of  socioeconomic  conditions  and  management  regimes 

within  individual  gulf  states,  continued  loss  and  alteration  of  habi-  Blue  crabs  historically  have  been  caught  in  the  Gulf  of  Mexico 

tat.  enforcement  of  existing  regulations,  user  group  conflicts,  and  with  a  variety  of  gear,  either  directly  or  as  incidental  catches  in 

increasing  fishing  effort  are  among  the  problems  that  affect  the  other  fisheries.  The  primary  harvesting  gear  in  the  commercial 

fishery  gulfwide.  New  research  has  also  expanded  our  knowledge  blue  crab  fishery  is  the  wire  trap.  Other  gear  for  which  crab  land- 

of  both  the  species  and  the  fishery,  and  has  provided  a  basis  for  ings  have  been  reported  in  the  Gulf  include  trotlines,  drop  nets, 

evaluation  of  current  management  strategies.  otter  trawls,  gill  nets,  brails  or  .scoops,  fyke  nets,  pound  nets,  beam 

This  report  will  review  selected  commercial  and  recreational  trawls,  brush  traps,  and  wing  nets, 

effort  and  harvest  data,  fishery  independent  monitoring  data,  status  The  Gulf  of  Mexico  blue  crab  fishery  evolved  from  a  trotline  to 

of  the  fishery  and  resource  in  the  Gulf  of  Mexico,  management  trotline-drop  net  to  a  trap-dominated  fishery  during  the  1950s  and 

regulations,  and  major  issues  and  problems.  Information  in  this  1960s  (Figs.   1  and  2).  The  proportion  of  trap  landings  to  total 

summary,  unless  specifically  cited,  was  taken  from  data  presented  landings  steadily  increased  from  2%  in  1950  to  95.67r  in  1974. 

in  individual  state  reports  that  are  included  in  this  proceedings  Trap  landings  accounted  for  98  to  997r  of  the  total  from  the  late 

(Guillory  and  Perret.  Hammerschmidt  et  al..  Heath.  Perry  et  al.,  1970s  through  the  1990s,  with  trawl  landings  largely  accounting 

Steele  and  Bert,  all  this  volume).  for  the  remainder. 
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Figure  1.  Percentage  gulf  hard  crab  landings  by  gear  type.  1950-1994. 


The  total  number  of  commeivial  blue  crab  fishers  and  number 
of  traps  fished  in  the  Gulf  of  Mexico  has  steadily  increased  (Table 
I).  By  the  1980s,  trap  fishers  dominated.  The  number  of  fishers 
rose  from  1.516  in  1980  to  4,028  in  1991.  an  increase  of  165%. 
The  number  of  traps  dramatically  increased  from  4,480  in  1950  to 
more  than  600.000  in  1993  (Table  I)  because  of  concurrent  in- 
creases in  number  of  fishers  and  of  traps  per  fisher  in  most  years. 
The  average  number  of  traps  per  fisher  increased  from  «;  100  in  the 
early  years  of  the  fishery  to  196  in  1988.  and  then  declined  sharply 
and  ranged  from  136  to  156  in  the  1990s.  The  decline  in  average 
number  of  traps  was  attributed  to  a  concomitant  drop  in  Louisiana 
(Guillory  and  Perret.  this  volume),  which  accounted  for  two-thirds 
of  the  traps  in  the  Gulf;  however,  according  to  Louisiana  commer- 
cial fishers,  the  average  number  of  traps  did  not  drop  but  continued 
to  rise.  It  is  possible  that  data  from  the  NMFS  underestimate  not 


only  the  number  of  traps  per  fisher  (especially  after  1988)  but  also 
the  total  number  of  traps. 

The  under-reporting  of  hard  crab  landings  in  the  Gulf  of 
Mexico  (Adkins  1972,  Moss  1982,  Roberts  and  Thompson  1982. 
Keithly  et  al.  1988.  Steele  and  Perry  1990)  is  a  serious  problem. 
Although  the  fishery  is  characterized  by  year-to-year  fluctuations 
in  reported  landings,  and  there  are  acknowledged  limitations  as- 
sociated with  use  of  NMFS  statistical  data,  long-term  trends  and 
cycles  in  landings  can  be  identified.  Total  reported  landings  in- 
creased from  less  than  1  x  10*"  pounds  (454.545  kg)  in  the  late 
1800s  to  more  than  18  x  10''  pounds  (8.2  x  10'^  kg)  prior  to  Worid 
War  II.  Landings  increased  markedly  in  the  late  1950s  with  intro- 
duction of  the  wire  trap  (Table  2).  The  increased  availability  of  raw 
product  associated  with  wire  trap  adoption  stimulated  processing 
capacity  and  market  development,  and  landings  continued  to  ri.se 
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TABLE  1. 

Number  of  trap  fishers,  total  traps,  traps  per  fisher,  and  total 

nuniher  of  fishers  in  the  (uilf  of  Mexieo 

blue  erab  fisherx,  1 951)- 1993. 


Year 

Trap  Fishers 

Total  Traps 

-\verage  Traps 

Total  Fishers 

1950 

67 

4.480 

67 

1.466 

1951 

153 

10.860 

71 

1.446 

1952 

184 

17,300 

94 

1 .439 

1953 

226 

20,071 

89 

1.33S 

1954 

196 

20,779 

10(1 

1.311 

1955 

223 

24.276 

109 

1.253 

1956 

246 

27.303 

111 

1.132 

1957 

321 

33.680 

105 

1,134 

1958 

287 

32.741 

114 

1.16(1 

1959 

439 

49,225 

112 

1.350 

1960 

453 

49.849 

110 

1.410 

1961 

430 

49,318 

115 

1 .43 1 

1962 

444 

52.354 

118 

1.471 

1963 

419 

51.978 

124 

1.516 

1964 

511 

70,145 

137 

1.689 

1965 

629 

90,085 

143 

1.794 

1966 

894 

115.010 

129 

1.712 

1967 

1.072 

129,705 

121 

1,721 

1968 

1.013 

125,611 

124 

1.711 

1969 

1.089 

129.021 

118 

1.797 

1970 

1 .092 

139.700 

128 

1,580 

1971 

1.172 

151.240 

129 

1,595 

1972 

1.147 

151.222 

132 

1 .52 1 

1973 

1.250 

158,480 

127 

1 ,45 1 

1974 

1.278 

170,345 

133 

1,440 

1975 

1.381 

194,330 

141 

1,513 

1976 

1.500 

219,919 

147 

1.546 

1977 

1.492 

215,575 

144 

1,557 

1978 

NA 

222.887 

NA 

NA 

1979 

1.653 

223.001 

135 

1,653 

1980 

1 .5 1 3 

233.670 

154 

1,516 

1981 

1.519 

238.270 

157 

1,981 

1982 

1.653 

254.104 

154 

1,661 

1983 

1.580 

237.749 

150 

1.596 

1984 

1.928 

298.833 

155 

1.944 

1985 

1.898 

320.577 

169 

1.910 

1986 

1.847 

333.304 

180 

1,862 

1987 

2.339 

446.076 

191 

2,358 

1988 

2.357 

460.93 1 

196 

2,361 

1989 

2.853 

440.912 

154 

2,853 

1990 

3.292 

447.432 

136 

3,292 

1991 

4.028 

558.958 

139 

4,028 

1992 

3.780 

556,575 

147 

3,780 

1993 

3.877" 

604.700" 

156 

3.877 

NA  =  not  available. 
'  excludes  Texas. 


TABLE  2, 

.Annual  harvest  ( l,(IIMI  lbs)  and  value  ($1.01)0)  of  the  Gulf  of  Mexico 
hard  and  soft  crab  rishcries,  1950-1994. 


Year 

19,50 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

1967 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1975 

1976 

1977 

1978 

1979 

1980 

1981 

1982 

1983 

1984 

1985 

1986 

1987 

1988 

1989 

1990 

1991 

1992 

1993 

1994 


Hard  Crabs 

Soft  Crab) 

* 

Harvest 

Value 

Harvest 

Value 

18,816 

884 

364 

165 

13.798 

696 

360 

191 

12.037 

552 

478 

221 

14.215 

623 

491 

203 

12.595 

582 

455 

215 

19.417 

895 

589 

293 

16.029 

768 

607 

252 

17.924 

985 

578 

200 

26,905 

1 .093 

598 

300 

28.753 

1,493 

619 

305 

34,876 

1,764 

525 

259 

35,258 

1.617 

634 

315 

25,893 

1.329 

352 

173 

26,519 

1.429 

338 

167 

25,292 

1 .589 

215 

134 

37,008 

2.390 

217 

150 

30,951 

1.964 

130 

85 

27,528 

1.826 

154 

125 

25,759 

2,077 

285 

207 

33,189 

3,145 

197 

161 

33,999 

2,847 

90 

79 

33,531 

3,113 

127 

126 

35,194 

3,753 

102 

109 

43,472 

5,313 

119 

132 

40,354 

5,324 

96 

127 

38,719 

5.503 

112 

156 

36,561 

6.755 

88 

145 

44,328 

9,852 

225 

570 

38.172 

8,331 

157 

304 

43.498 

9.873 

156 

343 

42,729 

10,328 

135 

285 

42,306 

1 1 .093 

123 

253 

36,728 

10.254 

217 

484 

40,334 

12.986 

137 

370 

56,224 

15,655 

103 

282 

55,753 

16,177 

102 

251 

52,926 

16,866 

88 

181 

78,316 

29,714 

151 

411 

79,254 

31,860 

180 

485 

55,636 

24,547 

230 

609 

58.346 

22.804 

290 

727 

65.833 

23,974 

224 

369 

69.794 

35.729 

277 

720 

65.290 

34.635 

121 

491 

50.996 

30.890 

159 

572 

through  the  1980s.  Record  landings  of  78  and  79  x  10''  pounds 
(35.4  and  35.9  x  10"  kg)  occurred  in  1987  and  1988.  respectively 
(Table  2).  The  dramatic  increase  in  landings  during  the  1980s  can 
be  attributed  to  increased  fishing  effort  and  increased  processing 
capacity  in  some  states.  Landings  declined  slightly  after  1988  and 
ranged  from  approximately  50  to  70  x  lO*"  pounds  (22.7-31.8  x 
10''  kg),  but.  except  for  1989  and  1994,  were  above  the  15-year 
(1980  to  1994)  average  of  56.7  x  lO*"  pounds  (25.7  x  10"  kg). 

As  a  percentage  of  total  U.S.  landings,  gulf  landings  fluctuated 
widely  and  ranged  from  12.0%  in  1952  to  38.9%  in  1987  (Fis;.  3). 


Gulf  production  averaged  29.0%  of  U.S.  landings  during  the 
1990s.  Although  fluctuating  landings  are  characteristic  of  blue 
crab  fisheries,  increased  interannual  variability  in  reported  catch  is 
evident  in  the  gulf  fishery  over  the  last  12  years  (Fig.  4).  Caddy 
( 1 984)  noted  that  as  a  fishery  matures  and  fishing  effort  increases, 
interannual  fluctuations  become  more  prevalent. 

There  were  significant  downward  trends  over  time  for  com- 
mercial annual  catch  per  unit  effort  (CPUE)  by  trap  fisher  (r~  = 
0.46,  p  =  .0002)  and  by  trap  (r  =  0.77,  p  =  .0001)  (Figs.  5  and 
6).  Summary  data  from  individual  states  using  license  records  or 
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Figure  3.  Percentage  contribution  of  annual  hard  crab  gulf  landings  to  U.S.  landings,  1959-1994. 


number  of  trips  as  an  index  of  fishing  effort  also  showed  long-term 
downward  trends  in  commercial  CPUE  in  each  gulf  state. 

Ex-vessel  values  of  the  gulf  hard  crab  fishery  are  tabulated  in 
Table  2.  Total  dockside  values  gradually  increased  during  the  1950 
to  1994  period  but  began  to  fluctuate  more  as  landings  exhibited 
greater  oscillations.  Over-all  dockside  values  ranged  from  $22.85 
to  $35.7  X  ICf  and  averaged  $29.7  x  10"  during  the  1990s. 

Soft  Crab 

The  cuiTent  peeler  crab  supply  along  the  Gulf  of  Mexico  is 
largely  dependent  an  incidental  catch  in  hard  crab  traps,  although 
peeler  traps  are  important  in  Florida  and  are  occasionally  used  in 
other  areas.  Historically,  bush  lines,  dirty  traps,  push  nets,  trawls, 
and  wingnets  have  also  been  used  to  harvest  peeler  (Otwell  and 
Cato  1982.  Guillory  et  al.  1996). 

Reported  values  of  Gulf  of  Mexico  soft  crab  production  are 
poor  estimates  of  actual  production.  Soft  crab  production  from 


small  ■"cottage"  type  shedding  operations  often  go  unreported 
(Guillory  and  Perret,  this  volume),  and  soft  crab  production  data 
are  combined  with  hard  crabs  in  one  state  and  confidential  data  in 
another  state  are  not  included  in  NMFS  estimates.  In  Louisiana. 
Caffey  et  al.  ( 1993)  and  Supan  (in  press)  estimated  that  actual  soft 
crab  production  may  be  14  to  19  times  greater  than  reported  land- 
ings. 

Because  of  recognized  limitations  in  soft  crab  production  data, 
trends  are  emphasized.  Soft  crab  production  peaked  from  1955  to 
1961  and  then  displayed  a  long-term  en'atic  decline  to  a  historic 
low  in  1986  (Table  2).  After  1986.  production  increased  to  a  27- 
year  peak  in  1990;  production  averaged  214.000  pounds  (97.273 
kg)  during  the  1990s. 

Louisiana  leads  the  gulf  in  soft  crab  production,  contributing 
97.8%  from  1950  to  1977  and  82.4%  in  subsequent  years.  Gulf 
production  was  and  continues  to  be  influenced  by  factors  driving 
the  fishery  in  Louisiana.  The  downward  trend  in  soft  crab  produc- 
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tion  from  the  1960s  through  the  early  1980s  was  partially  attrib- 
uted to  water  quality  problems  in  floats  and  flow-through  systems. 
the  lack  of  a  reliable  source  of  peeler  crabs,  and  possible  increased 
nonreported  production  (Jaworskt  1971.  1982.  Perry  et  al.  1982, 
Guillory  and  Perret,  this  volume).  Increased  soft  crab  production  in 
the  late  1980s  was  attributable  to  the  development  and  widespread 
adoption  of  closed-recirculating  systems,  promotional  and  exten- 
sion efforts,  increased  trap  fishing  effort  and  recognition  of  the 
peeler  crab  bycatch  value,  and  potential  economic  return  to  the 
shedder  (Sholar  1985.  Guillory  and  Perret,  this  volume). 

.Annual  dockside  values  of  the  gulf  soft  crab  fishery  are  re- 
ported in  Table  2.  Trends  in  market  value  suggest  that  the  demand 
for  soft-shell  crabs  exceeds  supply  (Otwell  and  Cato  1982);  in- 


deed, soft-shell  crabs  command  some  of  the  highest  prices  paid  for 
seafood. 

RECREATIONAL  FISHERY 

The  Gulf  of  Mexico  blue  crab  recreational  fishery  is  substantial 
and  may  comprise  59c  of  commercial  harvest,  although  data  are 
not  available  to  analyze  historic  changes  in  effort  and  harvest. 
Several  surveys,  however,  have  estimated  recreational  catch  as  a 
percentage  of  commercial  landings  in  different  areas  or  estuaries: 
3.9%  in  Galveston  Bay,  Texas  (Benefield  1968).  less  than  4%  in 
Mississippi  (Herring  and  Christmas  1974).  20%  in  Alabama 
(Tatum  1982).  and  4.1%  in  Terrebonne  Parish.  Louisiana  (Guil- 
lory. this  volume).  The  recreational  harvest  from  a  small  area 
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{r  =  0.77,  p  =  .0001). 
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(Rockefeller  Refuge)  in  Louisiana  (Davidson  and  Chabreck  1483) 
was  about  0.3%  of  statewide  commercial  landings. 

Recent  survey  data  from  Louisiana  and  Texas  provide  infor- 
mation on  participation  in  the  recreational  blue  crab  fishery.  Ap- 
pro.ximately  40%  of  interviewed  boaters  in  southeast  Louisiana 
(Titre  et  al.  1988)  and  one-third  of  saltwater  fishing  license  holders 
in  Terrebonne  Parish,  Louisiana  (Guillory,  this  volume)  partici- 
pated in  recreational  crabbing.  The  Texas  recreational  fishery  com- 
prised 0.3  to  L7%  of  all  fishing  activities  (Cody  et  al.  1992)  but 
showed  a  long-term  decline  in  CPUE  (Hammerschmidt  et  al.,  this 
volume). 

FISHERY  INDEPENDENT  DATA 

All  states  maintain  monitoring  and  assessment  programs  for 
juvenile  and  subadult  blue  crabs  and  are  included  in  individual 
state  reports.  Data  on  megalopal  settlement  are  available  for  all 
gulf  states  except  Florida. 

Large  numbers  of  megalopae  recruit  to  northern  gulf  estuaries. 
Significantly  higher  blue  crab  postlarval  settlement  rates  (10-100 
times  greater)  were  found  in  northern  Gulf  of  Mexico  estuaries 
(Rabalais  et  al.  1993)  than  in  Atlantic  Coast  estuaries  (van  Mont- 
frans  et  al.  1995).  Settlement  events,  however,  were  episodic  and 
asynchronous  (Perry  et  al.  1995,  Rabalais  et  al.  1995),  and  tem- 
poral patterns  of  megalopal  settlement  did  not  correspond  with  the 
long  protracted  spawning  period  and  offshore  availability  of  mega- 
lopae. There  was  little  settlement  in  spring  and  early  summer;  daily 
seulement  usually  begins  in  July,  with  large  settlement  peaks  in 
late  summer  and  early  fall.  Morgan  et  al.  ( 1996)  found  that  most 
megalopae  were  recruited  into  Mobile  Bay  and  Mississippi  Sound 
during  a  nocturnal  flood  tide,  which  occurs  in  the  northern  gulf 
during  summer  and  fall.  These  data,  along  with  the  supposition  by 
Rogers  et  al.  (1990)  that  blue  crab  populations  are  essentially 
comprised  of  a  single  year  class  in  the  presence  of  high  fishing 
effort,  suggests  that  the  fishery  may  be  based  upon  a  single  cohort 
rather  than  multiple  cohorts,  as  previously  thought. 

Heck  and  Coen  (1995)  presented  data  showing  that  although 
blue  crab  postlarvae  were  10  to  100  times  more  abundant  along  the 
gulf  coast  than  along  the  Atlantic  coast,  juvenile  abundances  were 
of  the  same  order  of  magnitude  in  both  areas.  Trend  analysis  of 
long-term  trawl  and/or  seine  blue  crab  data  sets  from  Alabama, 
Louisiana,  Mississippi,  and  Texas  yielded  inconsistent  results. 
Early  juvenile  CPUE  significantly  increased  in  Louisiana  and 
Texas  but  not  in  Alabama  and  Mississippi.  In  Louisiana  and  Texas, 
there  was  a  stable  or  declining  CPUE  of  larger  juveniles.  Legal 
CPLIE  decreased  in  Alabama,  Louisiana,  and  Texas.  Decreased 
blue  crab  mean  size  was  evident  ui  both  states  (Texas  and  Loui- 
siana) that  presented  size  data. 

Declining  mean  size  of  blue  crabs  in  fishery  independent  data 
in  several  states  is  associated  with  concurrent  increased  juvenile 
blue  crab  CPUE  and  decreased  legal  blue  crab  CPUE.  Long-term 
changes  in  juvenile  blue  crab  CPUE  are  difficult  to  explain  and 
may  be  attributed  to  a  complex  of  interacting  factors.  The  declin- 
ing CPUE  of  legal  blue  crabs  may  be  primarily  attributed  to  in- 
creased fishing  mortality:  however,  the  downward  or  stable  CPUE 
of  larger  juveniles  despite  increased  small  juvenile  CPUE  suggests 
that  natural  mortality  of  juvenile  crabs  has  increased. 

MANAGEMENT  REGIME 

Management  of  the  fishery  in  the  Gulf  of  Mexico  can  be  char- 
acterized as  preventive  (Jamieson  1986),  with  protection  of  spawn- 


ing stock  and  nursery  grounds,  areal  closures,  and  gear  restrictions 
implemented  with  anticipation  of  obtaining  optimum  resource  uti- 
lization over  the  long  term.  Adoption  of  these  conservative  man- 
agement measures  has  not  resulted  in  increased  stock  abundance  or 
brought  stability  to  the  fishery  as  measured  by  traditional  means. 
Selected  blue  crab  regulations  by  topic  for  each  gulf  state  are 
shown  in  Table  3.  More  detail  can  be  obtained  from  individual 
state  reports. 

STATUS  OF  THE  FISHERY  AND  RESOURCE 

A  quantitative  stock  assessment  of  the  blue  crab  fishery  gulf- 
wide  is  hampered  by  lack  of  reliable  data  on  effort  and  harvest; 
however,  the  fishery  can  be  characterized  qualitatively  using  avail- 
able NMFS  statistical  data,  selected  data  from  individual  gulf 
states,  and  recent  research  findings. 

The  "r-selected""  life  history  characteristics  (i.e.,  high  fecun- 
dity, high  interannual  variation  in  abundance,  rapid  growth,  early 
reproductive  maturity,  and  relatively  short  life  span)  of  the  blue 
crab  identified  by  Van  Engel  (1987)  are  traits  that  tend  to  be 
associated  with  species  capable  of  sustaining  relatively  liberal  har- 
vests (Kruse  1993).  However,  the  fishery  is  subjected  to  excessive 
fishing  effort,  or  effort  in  excess  of  that  needed  to  maintain  current 
harvest  levels.  As  an  example,  in  the  peak  production  year  of  1988, 
460,931  traps  were  used  to  harvest  79.2  x  lO**  pounds  (36  x  10** 
kg);  whereas,  thereafter  fishing  effort  steadily  increased  to  604,700 
traps  in  1993,  but  landings  ranged  between  50-70  x  10''  pounds 
(22.7-31.8  X  10''  kg).  Trends  in  fishery-dependent  and  fishery- 
independent  data  that  may  be  indicative  of  excessive  fishing  effort 
include  a  downward  trend  in  commercial  CPUE,  increasing  num- 
bers of  gear  units,  and  a  decrease  in  over-all  mean  size  and  CPLIE 
of  legal-size  blue  crabs  in  fishery-independent  data. 

Larval  and  juvenile  blue  crab  recruitment  does  not  seem  to  be 
a  limiting  factor  in  the  Gulf  of  Mexico.  There  has  been  an  upward 
trend  in  recruit  and  early  juvenile  CPUE  in  trawl  samples  from 
several  states,  and  megalopae  are  very  abundant  in  northern  Gulf 
of  Mexico  estuaries  (Heck  and  Coen  1995,  Rabalais  et  al.  1995). 
Moreover,  recruitment  as  measured  by  megalopal  settlement  or 
early  juvenile  abundance  in  trawl  samples,  does  not  seem  to  be 
related  to  abundance  of  later  stage  individuals.  Regardless  of  initial 
settlement  densities,  mortality  of  megalopae  quickly  dampened 
differences  in  juvenile  abundance  among  Mobile  Bay  sampling 
sites  (Morgan  et  al.  1996).  Perry  et  al.  (this  volume)  and  Guillory 
and  Prejean  (1997)  showed  with  trawl  data  that  high  initial  den- 
sities of  early  juvenile  blue  crabs  do  not  necessarily  result  in  el- 
evated levels  of  later-stage  juveniles.  Van  Montfrans  et  al.  ( 1995) 
and  Morgan  et  al.  ( 1996)  suggested  that  blue  crab  populations  in 
the  Gulf  of  Mexico  are  limited  in  part  by  postsettlement  processes. 
Biotic  factors,  especially  predation,  may  ultimately  determine 
population  size.  The  documented  higher  predation  rates  along  the 
gulf  coast  than  the  Atlantic  coast  may  negate  the  effects  of  in- 
creased postlarval  abundance  and  greater  area  of  marsh  and  sea- 
grass  beds  (Heck  and  Coen  1995,  Orth  and  van  Montfrans  1990). 
Early  postsettlement  (Morgan  et  al.  1996)  and  juvenile  (Guillory 
1997)  mortality  by  predators  was  considered  to  be  a  major  factor 
influencing  blue  crab  population  size  in  the  northern  Gulf  of 
Mexico. 

ISSUES/PROBLEMS 

Habitat  loss/degradation,  user  group  conflicts,  excessive  fish- 
ing effort,  lack  of  accurate  harvesting  sector  statistics,  capture  and 
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TABLE  3. 
Regulations  bv  category  in  the  Gulf  blue  crab  fishery. 

Legal  gear 

Florida:  traps:  dip  or  landing  net;  drop  net;  t'old-up  trap;  hook  and 

line  gear;  push  scrape;  trotline;  and.  as  bycatch  in  other  gear 
Alabama:  traps;  trotlines;  and  trawl  (as  bycatchi 
Mississijipi:  traps:  trawls;  and.  other  gear  not  specitlcially  prohobited 
Louisiana:  trap;  crab  dropnet;  trawl;  trotline;  handline;  bushline;  dip 

net;  cast  net;  and  trawls 
Texas:  crab  line;  crab  trap;  umbrella  net;  and  other  legal  shrimp  and 

fish  gear 
Gear  specifications 

Florida:  trap;  fold-up  trap;  buoy/line;  trap  identification;  escape 

rings;  degradable  panels 
Alabama:  trap;  buoy/line 
Mississippi:  buoy/line;  trap  identification 
Louisiana:  trap;  trotline;  drop  net;  trawl;  trap  identification;  escape 

rings 
Texas:  trap:  umbrella  net;  buoy/line;  trap  identification:  escape  rings; 

degradable  panels 
Minimum  size  ("/rtoleranceVexemptions 

Florida:  5"  CW  (STrj/peelers:  bait;  soft  crabs;  recreational 
Alabama:  5"  CW  (0%)/peelers:  bait:  soft  crabs;  recreational 
Mississippi:  5"  CW  ( OVr  )/peelers;  soft  crabs 
Louisiana:  5"  CW  (10%)/peelers:  soft  crabs;  recreational 
Texas:  5"  CW  (5%) 
Possession  limits 

Florida:  commercial — for  bycatch  in  shrimp  trawls,  roller  frame 

trawls,  and  other  gear;  recreational — yes 
Alabama.  Mississippi.  Louisiana.  Texas:  none 
Protection  of  egg-bearing  females 

Florida.  Mississippi:  (seasonal  and  areal  restrictions) 
Louisiana.  Te.xas:  yes 
Alabama:  no 
Effort  limitation 

Florida,  .Alabama.  Mississippi:  recreational  trap  number 
Louisiana:  recreational  trap  number;  commercial  trap  license 

moratorium  (1996-1998) 
Texas:  commercial  trap  number 
Time  restrictions 

Florida.  Te.xas:  daylight  trap  tending  only 

Mississippi:  daylight  trap  tending  onl\ ;  trawl  bycatch:  catch  of 

ovigerous  females 
Alabama.  Louisiana:  daylight  trap  tending  only:  removal  of  unfished 

traps 
Area  restrictions 
Alabama.  Mississippi.  Louisiana:  navigational  channels/waterways: 

other  areas 
Texas:  100  foot  distance  between  traps:  miscellaneous  areas 
Commercial  license  requirements 

Florida:  saltwater  products,  blue  crab  permit,  and  restricted  species 

endorsement 
Alabama:  crab  catcher's 

Mississippi:  commercial  boat,  captain's,  and  commercial  crab 
Louisiana:  commercial  fisherman's,  vessel  in  saltwater  areas,  and  an 

appropriate  gear  license — crab  trap/trotline,  and  trotline/bushline: 

soft  crab  shedder's  license  also  required 
Texas:  commercial  fisherman,  boat,  and  crab  trap 
Recreational  license  requirements 

Florida.  Texas:  general  sportfishing  license 

Alabama:  none 

Mississippi.  Louisiana:  none,  unless  using  crab  traps 


harvest  of  sublegal  crabs,  and  ghost  traps  were  identified  as  high 
priority  issues  in  at  least  three  of  five  states  (Table  4).  Issues 
considered  as  medium  priority  (i.e..  a  total  of  three  high  and/or 
medium  rankings)  included  trap  and  crab  theft,  increased  processor 
regulations,  and  crab  meal  imports.  Other  identified  issues,  some 
of  which  are  classified  as  high  or  medium  priority  in  individual 
states,  were  peeler  crab  availability,  bait,  lack  of  commercial  crab 
license,  separate  hard  and  soft  crab  landings,  illegal  processing, 
over  regulation,  and  enforcement  problems. 

FUTURE  MANAGEMENT 

Steele  and  Peiry  (1990)  encouraged  the  adoption  of  a  gulfwide 
management  strategy  for  the  blue  crab  fishery;  genetics  research 
by  McMillen-Jackson  et  al.  (1994)  documenting  substantial  gene 
flow  between  gulf  localities  verified  that  this  strategy  is  appropri- 
ate. Blue  crab  management  in  the  Gulf  of  Mexico  has  been  di- 
rected toward  egg-bearing  females  and  not  juveniles.  However, 
stocks  have  exhibited  wide  fluctuations  despite  protection  of  egg- 
bearing  females  in  four  of  five  gulf  states.  Future  management 
should  address  factors  that  contribute  to  juvenile  mortalities.  Al- 
though megalopal  recruitment  is  considered  adequate  in  the  gulf, 
and  smaller  juvenile  blue  crabs  have  displayed  long-term  upward 
trends  with  time,  increased  availability  of  larger  juvenile  and  legal 
crabs  has  not  occurred.  The  influences  of  capture  and  handling 
mortalities  of  culled  blue  crabs  in  crab  traps  and  shrimp  gear,  ghost 
trap  mortality,  and  changes  in  population  abundance  of  predators 
on  overall  juvenile  blue  crab  mortality  rates  should  be  critically 
assessed. 

For  many  years,  there  was  widespread  acceptance  that  culled 
sublegal  blue  crabs  caught  in  traps  or  blue  crabs  caught  as  bycatch 
in  other  gears  were  released  unharmed.  Howe\'er.  there  is  evidence 
that  injuries  that  occur  in  traps  and  other  gear  and  during  culling 
and  physiological  stress  from  air  exposure  results  in  delayed  mor- 
talities or  reduced  future  growth  rates  in  many  decapods  (see  the 
comprehensive  bibliography  of  Murphy  and  Kruse   1995).  Mc- 

TABLE  4. 

Major  issues  and  rankings  (H  =  high,  M  =  medium,  L  =  low!  by 

state  (obtained  from  Guillory  and  Perret.  Hammerschmidt  et  al.. 

Perry  et  al.,  Steele  and  Bert,  all  in  this  volume). 


State 

Issue 

FL 

AL 

MS 

LA 

TX 

Habitat  loss/degradation 

H 

H 

.\1 

H 

H 

User  group  conflicts 

H 

H 

M 

H 

M 

Excessive  fishing  effort 

H 

H 

H 

H 

Inaccurate  harvest  statistics 

H 

M 

H 

M 

H 

Ghost  traps 

H 

H 

M 

H 

M 

Trap  and  crab  theft 

M 

H 

M 

M 

L 

Increased  processor  regulations 

M 

L 

M 

M 

L 

Capture/harvest  of  undersize  crabs 

M 

H 

H 

H 

Peeler  crab  availability 

L 

H 

L 

M 

Bait 

H 

L 

L 

L 

L 

Lack  of  commercial  crab  license 

H 

Separation  of  landings 

L 

Processing  loopholes 

M 

L 

H 

Crab  meat  imports 

M 

L 

M 

M 

Enforcement  problems 

H 

Over  regulation 

H 

402 


GUILLORY  ET  AL. 


Kenna  and  Camp  (1992)  found  an  average  7%  delayed  mortality  of 
blue  crabs  caught  in  traps.  Estimates  of  delayed  handling  mortali- 
ties of  other  trap-caught  decapods  ranged  from  3  to  15%  (Chap- 
man 1981.  Brown  and  Caputi  1986.  Hunt  and  Kennedy  1986. 
Byersdorfer  and  Watson  1992,  Stevens  and  Macintosh  1993). 
Multiple  limb  loss  (Smith  1990)  or  chelotomy  (Ary  et  al.  1987)  of 
blue  crabs  significantly  reduced  the  growth  increment  at  molting, 
and  handling-related  injuries  have  similarly  reduced  growth  rates 
of  other  decapods  (Davis  1981.  Brown  and  Caputi  1985). 

Several  factors  (increased  fishing  effort,  placement  of  traps  in 
shallow  marsh  and  freshwater  habitats,  and  changes  in  trap  mesh 
type)  have  exacerbated  the  problem  of  sublegal  blue  crab  capture 
and  harvest.  Square  mesh  traps  have  essentially  replaced  hexago- 
nal mesh  traps  in  some  areas  in  Louisiana  and  are  beginning  to 
appear  in  other  gulf  states.  Fishers  prefer  square  mesh  traps  be- 
cause of  their  increased  durability.  Hexagonal  mesh  traps  retained 
65.4%  (Guillory  and  Prejean  1997)  and  38.5%  (Guillory  and  Hein. 
this  volume)  fewer  sublegal  crabs  than  square  mesh  traps;  legal 
catch  in  hexagonal  traps  also  was  significantly  greater  than  in 
square  mesh  traps. 

Blue  crab  bycatch  in  shrimp  trawls  has  not  generated  the  con- 
troversy sometimes  associated  with  finfish  bycatch;  however,  the 
issue  should  not  be  ignored  given  the  potential  effects  of  capture 
and  sorting  and  the  magnitude  of  the  crab  bycatch.  Data  from  a 
Texas  trawl  bycatch  study  indicated  that  75-100  x  10*  blue  crabs 
were  captured  annually  in  the  Texas  inshore  shrimp  fishery  in 
recent  years  (Hammerschmidt  et  al..  this  volume),  and  using  data 
presented  in  (Adkins  1993),  the  blue  crab  bycatch  was  estimated  at 
approximately  20.5  x  10''  pounds  (9.3  x  lO''  kg)  in  the  1989 
Louisiana  shrimp  fishery.   Unpublished  data  from  two  research 


studies  by  the  Texas  Parks  and  Wildlife  Department  study  (Tom 
Wagner  pers.  comm. )  and  Alabama  Department  of  Conservation 
(Steve  Heath  pers.  comm)  suggested  that  trawl  bycatch  survival 
was  most  affected  by  tow  time  and  culling  lime  and  that  blue  crab 
bycatch  sorted  in  salt  boxes  had  a  lower  mortality  rate  than  blue 
crabs  culled  on  deck  by  hand.  However,  these  data  were  obtained 
under  experimental  conditions,  and  prolonged  exposure  or  re- 
peated dippings  may  have  resulted  in  higher  mortalities. 

The  impacts  of  ghost  fishing  mortality  probably  have  increased 
because  of  the  increased  number  of  traps  and  the  increased  use  of 
square  mesh  traps,  which  not  only  capture  more  sublegal  crabs  but 
are  constructed  of  a  longer  lasting,  heavier  gauge  wire  than  the 
hexagonal  mesh  traps.  Blue  crab  mortalities  in  hexagonal  ghost 
traps  are  substantial:  25.8  per  trap  over  one  year  (Guillory  1493) 
and  17.3  per  trap  over  3  months  (Arcement  and  Guillory  1993)  in 
Louisiana  and  7.5  per  trap  and  7.7  per  trap  over  2  or  3  months  in 
the  Chesapeake  Bay  (Casey  and  Daugherty  1989).  Blue  crab  mor- 
tality in  unvented  ghost  traps  was  3.2  times  greater  than  in  vented 
ghost  traps  (Arcement  and  Guillory  1993). 

Hilborn  ( 1986)  suggested  that  maximization  of  yield  per  recruit 
can  be  an  appropriate  harvest  strategy  for  invertebrates  that  display 
on  stock-recruitment  relationship.  Based  upon  our  knowledge  of 
processes  affecting  blue  crab  populations  and  major  issues  and 
problems  in  the  fishery,  management  strategies  for  the  Gulf  of 
Mexico  blue  crab  fishery  should  be  directed  to:  ( I )  maximize  yield 
per  recruit  by  reducing  excessive  capture  and  harvest  of  undersize 
crabs  in  traps,  ghost  fishing  mortality,  and  other  wasteful  harvest- 
ing practices;  (2)  resolve  user  group  conflicts;  (3)  monitor  harvest 
and  effort  of  all  user  groups;  (4)  stabilize  or  reduce  fishing  effort; 
and  (5)  maintain  or  enhance  coastal  habitats. 
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ABSTRACT  Annual  trend.s  ni  fishery-independenl  and  lislien, -dependent  blue  crab  dala  during  1982  to  1995  are  examined.  Major 
i.s.sues  affecting  the  blue  crab  fishery  are  discussed.  Significant  (p  <  .05)  protracted  downward  trends  in  over-all  mean  carapace  width 
(CW),  relative  abundance,  and  distribution  of  legal  size  crabs  {CW  3=  127  mm),  as  well  as  commercial  catch  per  trap  and  landings  are 
all  symptomatic  of  excessive  fishing  effort  and  an  overfished  population.  Significant  (p  <  .05)  increases  in  relative  abundance  of 
sublegal  size  crabs  (CW  <  127  mm),  however,  may  indicate  adequate  or  improving  recruitment  of  crabs  to  Texas  bays.  Nevertheless, 
continued  declines  in  blue  crab  populations  in  association  with  increasing  fishing  effort  could  result  in  the  collapse  of  the  commercial 
and  recreational  fishenes.  Effort  reduction  through  such  techniques  as  license  limitation  should  be  investigated  for  the  Texas  blue  crab 
fishery. 

Ai;  J'  WORDS:     Blue  crab,  abundance,  Texas.  Callinecle.s  sapidus 


INTRODUCTION 

The  Texas  blue  crab  iCallinecres  sapidus  Rathbun)  fishery  is 
the  third  most  valuable  commercial  fishery  in  the  state  following 
shrimp  and  oysters;  1994  reported  landings  were  2.3  x  10"  kg 
worth  over  $3  million.  Total  reported  commercial  landings  of  blue 
crabs,  however,  made  up  only  6%  of  all  seafood  landings  (by 
weight)  and  1.5%  of  total  ex-vessel  value  during  1994  (Robinson 
et  al.  1995).  Blue  crabs  also  support  a  significant  recreational 
fishery  throughout  coastal  Texas.  Declining  trends  in  commercial 
catch  per  unit  effort,  recreational  catches,  as  well  as  blue  crab 
population  indices  observed  in  fishery-independent  surveys  have 
generated  concerns  among  all  user  groups  about  the  health  of  the 
crab  fishery  in  Texas. 

This  report  summarizes:  (1)  management  authority  and  regu- 
lations; (2)  description  and  trends  in  the  commercial  and  recre- 
ational fisheries;  (3)  fishery-independent  monitoring  trends:  (4) 
status  of  the  fishery  and  resource;  and  (5)  major  issues  impacting 
the  fishery. 

MANAGEMENT  AUTHORITY 

The  Texas  Parks  and  Wildlife  Commission  (Commission)  is 
responsible  for  establishing  means,  methods,  manners,  times,  and 
places  for  harvesting  blue  crab  resources  under  the  Wildlife  Con- 
servation .Act  of  1983,  Chapter  61  Parks  and  Wildlife  Code  (Texas 
Parks  and  Wildlife  Laws  1995).  In  addition,  the  Texas  Parks  and 
Wildlife  Department  (TPWD)  is  charged  with  conducting  scien- 
tific studies  and  investigations  of  all  species  of  wildlife  resources. 
Based  on  data  collected  from  these  investigations,  TPWD  recom- 
mends management  strategies  to  the  Commission.  Recommended 
management  strategies  for  the  blue  crab  fishery  are  outlined  in  the 
Texas  Blue  Crab  Fishery  Management  Plan  (Cody  et  al.  1992). 

The  TPWD  also  participates  in  evaluating  management  strate- 
gies for  the  blue  crab  fishery  throughout  the  Gulf  of  Mexico  in 
conjunction  with  the  Gulf  States  Marine  Fisheries  Commission 
(GSMFC)  (Steele  and  Perry  1990).  The  Texas  Department  of 
Health  (TDH)  oversees  licensing,  construction,  and  operation  of 
all  crab  processing  plants  in  the  state,  and  regulates  harvest  areas 
for  the  purpose  of  protecting  human  health. 


CURRENT  REGULATIONS 

Current  blue  crab  rules  and  regulations  promulgated  by  the 
Commission  are  summarized  in  Table  I. 

DATA  COLLECTION 

The  TPWD  monitors  blue  crab  populations  and  harvest  activi- 
ties through  the  collection  of  fishery-independent  and  fishery- 
dependent  data,  respectively.  Fishery-independent  data  collected 
coastwide  by  TPWD  staff  are  used  to  monitor  trends  in  blue  crab 
relative  abundance  and  distribution  (McEachron  and  Fuls  1996). 
Data  are  collected  using  bag  seines,  trawls,  and  gill  nets  in  nine 
Texas  coastal  ecosystems,  and  trawls  in  the  Texas  Territorial  Sea 
(Fig.  I).  Catch  rate  and  mean  carapace  width  data  are  used  to 
assess  the  status  of  blue  crab  populations.  In  addition,  special 
studies  (e.g.  shrimp  trawl  bycatch,  salt-box  study,  crab  trap  de- 
gradable  panel  study)  are  conducted  occasionally  to  gather  impor- 
tant infomiation  used  to  manage  fisheries,  including  the  blue  crab 
fishery. 

Fishery-dependent  monitoring  includes  the  Monthly  Aquatic 
Products  Reports  (MAPR)  self-reported  by  seafood  dealers  to 
TPWD,  routine  recreational  surveys  conducted  at  boat-access 
sites,  and  occasional  commercial  surveys  and  special  studies  (e.g. 
wade/bank,  lighted  pier  surveys)  to  gather  harvest  data. 

COMMERCIAL  FISHERY 

The  Texas  commercial  blue  crab  fishery  is  a  labor-intensive 
open-access  fishery.  Most  commercial  blue  crab  harvest  operations 
use  vinyl-coated  crab  traps,  but  some  blue  crabs  are  harvested  as 
bycatch  from  shrimp  trawling  operations. 

Commercial  landings  in  Texas  (Fig.  2)  reached  a  peak  in  1987 
of  5.3  X  10"^  kg  worth  $4.5  million,  but  have  declined  steadily  since 
then.  Ex-vessel  price  per  kg  to  the  fisherman  reached  a  high  of 
$1.30  ($().59/lb)  in  1994.  an  increase  of  237^  from  1993  prices 
(Robinson  et  al.  1995).  Preliminary  TPWD  data  indicate  the  price/ 
kg  increased  an  additional  19%  from  1994  prices  to  $1.54  ($0.70/ 
lb)  in  1995.  From  1985  to  1994,  27%  of  blue  crabs  were  harvested 
from  San  Antonio  Bay,  25%  from  Galveston  Bay,  15%  each  from 


405 


406 


Hammerschmidt  et  al. 


TABLE  1. 
Texas  blue  crab  regulations. 


Regulation 


Recreational  Fishing 


Commercial  Fishing 


Licenj.e  requirements 


Minimum  size  limit 
Bag/possession  limit 

Possession  of  egg-bearing  females 
Closed  seasons 

Maximum  number  of  traps/person 
Trap  design  requirements 


Buoy  markings/color  requirements 
Trap  spacing  requirements 

Area  restrictions 


Fishing  License  General  Commercial  Fisherman's  License 

Saltwater  Stamp  Commercial  Fishing  Boat  License 

Gear  Tag  Crab  Trap  Tag  ( 1/trap) 

Gear  Tag 

5  inches  5  inches 

None — EXCEPT  that  not  more  than  5%,  by  number,  of  undersized  crabs  may  be  possessed  if  placed  in  a 

separate  container  at  the  time  of  taking. 
None  allowed  None  allowed 

None  None 

6  200 
May  not  exceed  IX  cubic  feet 

Must  be  equipped  with  at  least  two  escape  vents  in  each  crab-retaining  chamber  and  located  on  the  lower 

edge  of  the  outside  trap  walls 
Escape  vents  must  be  at  least  2  3/8  in  diameter 

Must  be  marked  with  a  floating  buoy  not  less  than  6  in  height,  6  inches  length,  and  6  in  width 
Buoys  or  floats  may  not  be  made  of  plastic  bottles  of  any  color  or  size 
White  buoy  with  a  2-in  stripe  of  contrasting  color  White  buoy 

Crab  traps  may  not  he  placed  or  fished  within  100  ft  of  another  crab  trap,  except  when  traps  are  secured  to  a 

pier  or  dock 
Crab  traps  not  allowed  in  specified  public  waters  of  Aransas  County 

Only  three  crab  traps  per  licensed  fisherman  allowed  in  specified  public  waters  of  Harris  County 
Only  three  crab  traps  per  licensed  fisherman  allowed  in  specified  public  waters  of  the  San  Bernard  River 


Matagorda  Bay  and  Aransas  Bay.  and  18%  from  the  remaining  bay 
systems  combined. 

Crabbing  effort  data  from  l'-)74  to  1992  were  obtained  from  the 
National  Marine  Fisheries  Service  (NMFS);  trap  tag  data  from 
1992  to  1995  were  obtained  from  TPWD  licensing  data  (Fig.  3). 
As  with  landings  and  value,  numbers  of  commercial  crabbers 
peaked  in  1987,  with  an  estimated  .^17  individuals  fishing  41,490 
traps.  Numbers  of  crabbers  fluctuated  around  300  through  1990. 
then  decreased  to  an  estimated  160  fishers  fishing  22,627  traps  in 
1992,  the  last  year  for  which  NMFS  data  are  available  for  Texas. 

Commercial  crab  trap  tag  sales,  however,  indicate  there  were 
apprt)xiinately  300  individual  purchasers  of  about  5 1 ,000  crab  trap 
tags  during  1992  (TPWD  unpublished  data).  Although  the  actual 
number  of  traps  used  by  commercial  crabbers  is  unknown,  these 
data  imply  greater  fishing  effort  was  occurring  in  the  blue  crab 
fishery  during  1992  than  indicated  by  the  NMFS  data.  In  addition, 
the  76%  increase  in  total  trap  tag  sales  from  51.000  in  1992  to 
90,000  in  1994  indicates  a  comparable  increase  in  fishing  effort 
took  place  during  that  same  period. 

Catch  rates  (catch  per  trap  based  on  NMFS  data)  in  the  com- 
mercial  fishery  declined  from  almost  318  kg/trap  in  1980  to  123 
kg/trap  in  1992  (Fig.  3).  Again,  cominercial  catch  rates  inay  be 
significantly  lower  than  indicated  by  the  NMFS  data  if  the  effort 
implications  of  the  trends  in  TPWD  crab  trap  tag  sales  are  coiTect. 
TPWD  continues  to  analyze  and  evaluate  crab  trap  tag  sales  data. 

RECREATIONAL  FISHERY 

Recreational  crabbing  is  a  popular  pastime  in  Texas  and  occurs 
coastwide.  A  1991  survey  of  a  panel  of  Texas  saltwater  anglers 
indicated  26%  of  respondents  to  the  questionnaire  went  crabbing  at 
least  once  during  the  previous  1 2  months  (TPWD  and  Texas  AcSiM 
University  unpublished  data).  The  primary  gear  used  are  hand  lines 
and  vinyl-coated  crab  traps  (TPWD  unpublished  data).  Recre- 
ational landings  data  are  spar.se,  and  under  the  curtcnt  TPWD 


sampling  regime,  total  estimates  of  landings  and  effort  are  incom- 
plete for  all  components  of  the  fishery. 

Although  recreational  harvest  of  blue  crabs  is  difficult  to  as- 
sess, total  harvest  may  be  substantial,  especially  in  coastal  areas 
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Figure  2.  Annual  commercial  blue  crab  landings,  value,  and  10-y  av- 
erage percentage  distribution  by  bay  system.  iy72-l'J95.  Dashed  lines 
indicate  least-squares  lines  of  best  fit. 

with  relatively  easy  access  to  shoreline  fishing  areas.  Benefield 
( 1 968 )  conducted  a  sur\  ey  of  land-based  recreational  crabbers  and 
estimated  the  harvest  of  blue  crabs  from  Galveston  Bay  to  be  about 
6%  by  weight  of  the  commercial  harvest  for  that  period. 

Current  TPWD  recreational  harvest  data  are  derived  primarily 
from  sport-boat  anglers  (Fig.  4).  Estimated  fishing  effort  expended 
during  the  high-use  sampling  period  (May  15-November  21)  by 
recreational  fishermen  specifically  targeting  blue  crabs  ranged 
from  almost  4.400  man-hours  in  1984  to  over  27.000  man-hours  in 
1989  with  effort  steadily  declining  through  1994,  Associated  catch 
rates  of  these  fishermen  during  the  same  period  ranged  from  0.4 
crabs/man-hour  in  1986  to  5.7/man-hour  in  1985  with  no  discern- 
ible pattern. 

FISHERY-INDEPENDENT  MONITORING  TRENDS 

For  the  purposes  of  this  report,  blue  crabs  are  divided  into  two 
carapace  width  (CW)  groups,  sublegal  (CW  <  127  mm)  and  legal 
(CW  s  127  mm). 


Bag  Seines 

Blue  crabs  caught  in  TPWD  bag  seines  (Fig.  5)  exhibited  a 
significant  (p  <  .05)  decrease  in  mean  size  between  1982  (CW  = 
46  mm)  and  1995  (CW  =  32  mm).  Catch  rates  of  sublegal  crabs 
ranged  between  57  crabs/hectare  in  1989  and  1 14  crabs/hectare  in 
1991  with  no  significant  trends.  Catch  rates  of  legal  crabs,  how- 
e\er.  declined  significantly  (p  <  .05)  from  2.3/hectare  in  1982  to 
1.0/hectare  in  1995. 

Bay  Trawh 

Blue  crabs  caught  in  TPWD  bay  trawls  (Fig.  6)  e.xhibited  a 
significant  (p  <  .05)  decrease  in  mean  size  between  1983  (CW  = 
86  mm)  and  1994  (CW  =  67  mm).  Catch  rates  of  legal  crabs 
fluctuated  between  1.8  crabs/h  in  1989  and  3.5  crabs/h  in  1993 
with  no  significant  trends.  Catch  rates  of  sublegal  crabs  increased 
significantly  (p  <  .05)  from  14.3/h  in  1983  to  21.6/h  in  1994. 

Gill  Sets 

Blue  crabs  caught  in  TPWD  spring  gill  nets  (Fig.  7)  exhibited 
no  sifiniticant  chance  in  mean  size  during  1983  to  1995.  Catch 
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Figure  .'.  Annual  number  of  commercial  crabbers,  catch  rate,  and 
crab  trap  tags  sold,  1974-1995.  Dashed  lines  indicate  least-squares 
lines  of  best  fit. 
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Estimated  Sport-Boat  Crabbing  Effort 


Mean  Carapace  Width 


Estimated  Sport-Boat  Crabbing  Catch  Rate 


Year 
Figure  4.  Seasonal  (May  15-Noveniher  21)  recreational  crabbing  ef- 
fort, catch  rale,  and  annual  total  crabs  observed/interview  during 
TPWU  sport-boat  intercept  surveys,  1983-1994.  Dashed  lines  indicate 
least-squares  lines  of  best  fit. 


rates  during  the  same  period,  however,  decUned  significantly  (p  < 
.05)  for  both  sublegal  crabs  (0.40-0.07/1 2-h  set)  and  legal  crabs 
(1. 59-0.35/ 12-h  set).  Blue  crabs  caught  in  TPWD  fall  gill  nets 
(Fig.  8)  exhibited  no  significant  change  in  mean  size  during  198.^ 
to  1995.  Catch  rates  during  that  same  period,  however,  declined 
significantly  (p<  .05)  for  both  sublegal  crabs  (0.4.3-0.1 1/12-h  set) 
and  legal  crabs  ( 1.88-0.29/1 2-h  set). 

Percentage  of  TPWD  gill  nets  in  which  at  least  one  blue  crah 
was  caught  declined  significantly  (p  <  .05)  in  both  spring  and  fall 
for  both  legal  and  sublegal  crabs  (Fig.  9).  indicating  a  possible 
shrinking  in  areal  distribution  patterns  of  blue  crabs  at  shoreline 
gill  net  sites. 

Bycatch 

Preliminary  data  from  TPWD's  bay  shrimp  trawl  bycatch  study 
and  NMFS  bay  shrimping  effort  data,  reveal  that  the  number  of 
blue  crabs  caught  as  bycatch  in  the  bay  shrimp  fishery  increased 
83%  from  1982  to  1994  (Fig.  10).  Although  some  of  the  crabs  are 
released  back  into  the  water,  percentage  of  survival  and  frequency 
of  crabs  returned  to  the  water  are  unknown.  TPWD  will  continue 
to  investigate  bycatch  as  a  potential  source  of  significant  mortality 
of  juvenile  blue  crabs. 

STATUS  OF  THE  FISHKRY  AND  RESOURCE 

Trends  in  fishery-independent  and  fishery-dependent  data  in- 
dicate the  Texas  blue  crab  fishery  is  in  decline.  Protracted  down- 
ward trends  in  over-all  mean  size,  relative  abundance  and  distri- 
bution of  legal  size  crabs,  and  commercial  catch  per  trap  and 
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Figure  5.  Annual  coaslwide  statistics  {±  I  SE)  for  blue  crabs  caught  in 
Texas  Parks  and  Wildlife  Department  bag  seines,  1982-1995.  Dashed 
lines  indicate  least-squares  lines  of  best  fit. 


landings  are  all  symptomatic  of  excessive  fishing  effort.  Walton 
and  Green  ( 1993)  came  to  the  same  conclusion  for  blue  crab  popu- 
lations in  the  Galveston  Bay  system.  Continued  declines  In  blue 
crab  populations,  in  association  with  increasing  fishing  effort, 
could  result  in  the  coll.ipse  of  the  commercial  and  recreational 
fisheries. 

Observed  Increases  m  relative  abundance  of  sublegal  crabs  may 
indicate  adequate  or  improving  recruitment  of  crabs  to  Texas  bays. 
However,  it  may  also  be  indicative  of  the  declining  adult  popula- 
tions, resulting  in  decreased  predation  of  sublegal  crabs  by  adult 
crabs,  and,  as  legal  crabs  are  removed,  more  available  habitat  and 
resources  (Walton  and  Green  1993). 

MAJOR  ISSUES 

Table  2  lists  cunent  issues  facing  Texas  blue  crab  fishery  and 
industry  participants  (GSMFC  impublished  data).  These  issues  re- 
tlcct  rankings  as  assigned  by  TPWD  as  having  a  high,  ttiedium,  or 
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Figure  6.  Annual  coastwide  statistics  (±  1  SE)  for  t)lue  crabs  caugiit  in 
Texas  Parlvs  and  Wildlife  Department  bay  trawls.  1983-1994.  Dashed 
lines  indicate  least-squares  lines  of  best  fit. 

low  priority  relative  to  immediate  resource  management  needs  in 
Texas.  Habitat  health  and  overfishing  are  two  primary  issues  di- 
rectly affecting  blue  crab  populations  in  Texas.  Several  corollary 
issues  ensue,  including  user-group  conflicts,  harvest  of  sublegal 
crabs,  and  blue  crab  mortalities  caused  by  lost  traps.  Two  other 
issues,  lack  of  a  commercial  crab  license  and  inadequate  reporting 
of  commercial  landings,  make  it  difficult  to  characterize  the  com- 
mercial fishery  relative  to  participants,  fishing  effort  and  total 
landings  accurately. 

Hahilal 

Habitat  health  is  largely  considered  a  key  environmental  factor 
in  maintaining  healthy  populations  of  estuarine  species  such  as 
blue  crabs.  Based  on  evaluations  of  the  Galveston  Bay  system,  the 
over-all  health  of  Texas  estuaries  arguably  can  be  rated  as  fair  to 
good  (Green  1992).  Nevertheless,  increasing  human  populations, 
especially  in  coastal  regions,  continue  to  place  greater  demands 
and  stresses  on  the  coastal  habitat.  The  persistent  threat  of  such 
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Figure  7.  .\nnual  coastwide  statistics  (+  1  SE)  for  blue  crabs  caught  in 
Texas  Parks  and  Wildlife  Department  spring  gill  nets.  1983-1995. 
Dashed  lines  indicate  least-squares  lines  of  best  fit. 

potential  habitat  problems  as  wetland  loss,  declining  submergent 
vegetation,  water  quality,  freshwater  inflows,  and  other  impacts  of 
human  activities  require  constant  vigilance  over  habitat  health.  The 
complexity  of  habitat-related  issues  necessitates  broad-scope  co- 
ordinated management  strategies  involving  many  different  agen- 
cies, governmental  entities,  and  the  general  public. 

Juvenile  and  adult  blue  crabs  are  found  in  greatest  densities  in 
association  with  submerged  aquatic  vegetation  and  seagrasses  (Pu- 
lich  and  White  1991 .  Thomas  et  al.  1990).  Consequently,  the  docu- 
mented loss  of  gulf  coast  wetlands  (Dhal  and  Johnson  1991 )  and 
declining  submergent  vegetation  in  Texas  estuaries  (Pulich  and 
White  1991.  Onuf  1994)  may  be  significant  contributing  factors  to 
observed  declines  in  blue  crab  populations  (Turner  and  Boesch 
1987).  Although  Zimmerman  et  al.  (1991)  postulated  that  some 
wetland  loss  caused  by  subsidence  of  emergent  marsh  may  in- 
crease productivity  of  the  marsh,  the  positive  effects  can  be  only 
temporary. 

Nutrients,  heavy  metals,  toxic  organic  compounds,  and  other 
pollutants  enter  Texas  estuaries  (Cain  1993)  affecting  water  qua!- 


410 


Hammerschmidt  et  al. 


Mean  Carapace  Width 


Blue  Crab  Presence  in  Spring  Gill  Nets 


165 

160 

155  ■ 

150- 

145  . 

140 

135 


■^u4\ 


80 


83  85  87  89  91  93  95 


Mean  Catch  Rate 


Blue  Crab  Presence  in  Fall  Gill  Nets 


Sublegal  width  <  127  mm 

0.5  ■ 

. 

^    0.4- 

\, 

^0.3. 

N 

o 

1    0.2. 

3 

ki 

^i^ 

^^ 

^"J 

/ 

W 

^ 

\ 

'-    0.1- 

X   T 

' 

^'\r-.^ 

0.0- 

1 — r    '  1 
— 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — III — 

83 


85 


87 


89 


91 


93 


95 


Mean  Catch  Rate 


Figure  8.  Annual  coastwide  statistics  (±  1  SKl  for  blue  crabs  caught  in 
Texas  Parks  ant!  Wildlife  Department  fall  gill  nets.  198.1-1995.  Dashed 
lines  indicate  leasl-squares  lines  of  best  fit. 


ity.  The  total  impact  of  these  contaiiiinants  on  blue  crab  poptila- 
tions  is  difficult  to  measure.  Nutrient  enrichment  from  human 
activities,  however,  has  been  documented  to  contribute  to  submer- 
gent  vegetation  loss  (Tomasko  et  al.  1996).  an  important  blue  crab 
habitat  resource.  The  presence  of  certain  contaminants  prompted 
TDH  to  issue  seafood  consumption  bans  and  advisories  in  certain 
Texas  bays.  Blue  crabs  taken  from  Lavaca  Bay  may  not  be  kept 
becau.se  of  mercury  contamination  (Evans  and  Engle  1994);  also, 
advisories  are  posted  for  portions  of  the  Galveston  Bay  system 
because  of  the  presence  of  dioxin.  chlordanc,  and  other  organic 
compounds. 

Blue  crabs  are  most  abundant  in  estuaries  where  freshwater 
inflows  are  greatest  (More  1969).  As  human  populations  increase, 
however,  upstream  demands  for.  and  subsequent  diversion  and 
impoundment  of.  fresh  water  continue  to  increase.  The  resulting 
decline  in  estuarine  productivity  as  a  result  of  reduced  freshwater 
inflows  (Chambers  1993)  may  have  detrimental  effects  on  blue 
crab  populations  (.Steele  and  Pcrty  1990). 


80 


Legal  (CW>  127  mm) 


Figure  9.  Annual  coastwide  presence  of  blue  crabs  I  %  of  sets  with  at 
least  one  blue  crab)  caught  in  Texas  Parks  and  Wildlife  Department 
gill  nets,  1983-1995.  Dashed  lines  indicate  least-squares  lines  of  best  fit. 
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TABLE  2. 

Current  issues  and  problems  in  the  Texas  blue  crab  fishery 

including;  prioritN  relatl>e  lo  immediate  resource  mana^enieul  needs 

based  on  TPW  I)  assessments. 


Issue 


Priority 


Habital  health 

Overfishing 

Overcapitalization 

User  group  conflicts 

Ghost  fishing 

Lack  of  commercial  license 

Illegal  processing 

Inaccurate  harvesting  sector  statistics 

Harvest  of  undersize  crabs 

Peeler  crab  availability 

Crab  meat  imports 

Trap  and  crab  theft 

Increased  processor  regulations 

Bait  availability 

Need  for  separate  hard  and  soft  crab  landings 


High 
High 
High 
High 
High 
High 
High 
High 
Medium 
Low 
Low 
Low 
Low 
Low 
Low 


Overfishing 

0\ert'ishing.  and  its  various  corollary  issues,  is  considered  a 
high  priority  issue  by  TPWD.  Data  presented  in  this  report  indicate 
possible  growth  overfishing  is  occurring  in  the  Texas  blue  crab 
fishery.  Declines  in  relative  abundance,  areal  distribution  of  legal- 
size  crabs,  and  commercial  catch  per  trap  are  symptomatic  of  an 
overfished  population  (Wallace  et  al.  1994).  When  populations 
experience  these  types  of  downward  trends,  commercial  fishermen 
in  an  open-access  fishery  are  generally  compelled  to  expend  more 
effort  in  harvesting  the  resource,  especially  if  market  demands  and 
value/kg  remain  high  or  increase  and  continue  to  make  fishing 
profitable.  Consequently,  the  effects  of  overfishing  are  exacerbat- 
ed. In  the  crab  fishery,  increased  effort  can  manifest  as  more  traps 
being  fished,  crabbers  moving  to  areas  not  previously  fished,  and 
harvest  of  sublegal  crabs. 

Harvest  of  sublegal  crabs  increases  pressure  on  younger  .seg- 
ments of  the  population  causing  a  potential  spawner-recruit  prob- 


lem by  reducing  the  number  of  crabs  allowed  to  reach  sexual 
maturity.  Increases  in  the  total  number  of  traps  not  only  reduce 
catch  per  trap,  but  elevate  opportunities  for  user  conflicts.  Com- 
petition for  space  and  available  harvest  creates  conflict  among 
crabbers  fishing  the  same  waters,  between  crab  fishers  and  other 
fisheries  such  as  shrimping,  and  between  crabbers  and  recreational 
anglers  or  crabbers.  Also,  as  trap  use  increases,  the  chance  for  trap 
loss  or  abandonment  increases,  causing  greater  potential  for  blue 
crab  mortality  in  untended  ghost  fishing  traps.  Guillory  (1993) 
indicated  a  SOVr  mortality  rate  of  blue  crabs  caught  in  ghost  traps. 
Regulatory  agencies  such  as  TPWD  can  partially  mitigate  ef- 
fects of  overfishing  by  establishing  more  restrictive  rules  on 
means,  methods,  manners,  times,  and  places  of  crabbing.  This  suite 
of  traditional  regulatory  measures  may  provide  some  level  of 
short-term  effort  reduction,  but  for  the  long-term,  as  new  fishers 
enter  the  open-access  fishery,  effort  will  again  increase.  Further- 
more, these  types  of  regulations  directly  reduce  the  economic  ef- 
ficiency associated  with  each  individual  fisher  (Hinman  and  Paul- 
son 199.3),  It  is  important,  therefore,  that  new  management  tools  be 
investigated  that  will  directly  address  effort  reduction  without  a 
loss  of  fishing  efficiency.  Effort  reduction  through  such  techniques 
as  license  limitation  can  ultimately  lead  to  decreases  in  fishing 
pressure,  while  creating  incentive  for  each  individual  to  achieve 
higher  levels  of  efficiency. 

CONCLUSIONS 

( 1 )  Fishery-independent  and  fishery-dependent  data  indicate 
the  Texas  blue  crab  fishery  is  in  decline. 

(2)  Habitat  health,  although  currently  fair  to  good,  continues  to 
be  vulnerable  to  the  impacts  of  human  activities.  Declines 
in  indices  of  habitat  health  (freshwater  inflow,  water  qual- 
ity, wetland  and  submergent  vegetation  losses)  may  exac- 
erbate observed  declines  in  blue  crab  abundance  and  dis- 
tribution. 

(3)  Downward  trends  in  the  blue  crab  fishery  are  symptomatic 
of  excessive  fishing  effort,  with  indications  of  growth  over- 
fishing. 

(4)  Future  inanagement  of  the  blue  crab  fishery  should  include 
some  form  of  effort  limitation  to  alleviate  excessive  fishing 
effort  and  capitalization  occurting  in  the  fishery. 
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ABSTRACT  Regulation;.  ;ire  summarized  and  fishing  effort,  harvest,  and  ge;ir  are  described  for  the  Louisiana  recreational  and 
commercial  hard  and  soft  blue  crab  (Callinectes  sapidux)  fisheries.  Commercial  hard  and  soft  crab  production  during  the  1990s 
averaged  44.2  x  10"  pounds  (20.1  x  10"  kg)  and  156,833  pounds  (71,288  kg)  valued  at  S22.4  x  10"  and  $466,333.  respectively. 
Fishery-dependent  data  indicated  a  long-term  decline  in  commercial  catch  rates,  and  fishery-independent  trawl  data  displayed  declining 
catch  rate  of  legal  blue  crabs  and  mean  size  and  increased  catch  rate  of  small  juvenile  blue  crabs.  Habitat  loss,  excessive  fishing  effort, 
capture  and  harvest  of  sublegal  crabs,  ghost  traps,  and  user  group  conflicts  are  currently  the  most  critical  issues.  Other  important  issues 
include  trap  and  crab  thefts,  import  competition,  inadequate  documentation  of  effort  and  landings,  and  lack  of  funding  for  scientific 
research- 
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INTRODUCTION 

The  Louisiana  blue  crab  [Callinectes  sapidus)  commercial  fish- 
ery is  one  of  the  largest  U.S.  crab  fisheries  in  terms  of  biomass. 
Effort  in  the  Louisiana  fishery  expanded  dramatically  during  the 
1980s,  and  record  harvests  were  set  in  5  consecutive  years  (Guil- 
lory  et  al.  1996).  However,  by  the  mid-1990s,  the  fishery  was 
characterized  by  declining  landings  and  catch  rates  per  fisher  and 
other  controversies,  justifying  an  assessment  of  the  fishery.  The 
symposium  on  "The  Blue  Crab  Fisheries  of  North  America"  pro- 
vided an  excellent  opportunity  to  characterize  the  Louisiana  fish- 
ery. 

In  this  report,  the  following  are  reviewed  or  described:  ( I ) 
Jurisdiction  and  management;  (2)  gear,  effort,  and  harvest  in  the 
commercial  and  recreational  fisheries;  (3)  fishery-independent 
monitoring;  (4)  major  issues;  and  (5)  status  of  the  fishery  and 
resource. 

MANAGEMENT 

Responsibility  for  blue  crab  management  in  Louisiana  is  shared 
among  the  Legislature,  the  Louisiana  Wildlife  and  Fisheries  Com- 
mission, and  the  Secretary  of  the  Louisiana  Department  of  Wildlife 
and  Fisheries  (LDWF).  The  Legislature,  through  statutes,  has  pro- 
vided a  regulatory  framework  for  the  blue  crab  fishery  and  indus- 
try. Individual  responsibilities  are  also  delegated  to  the  Commis- 
sion and  the  Secretary.  Rules  and  regulations  at  the  time  of  pub- 
lication pertaining  to  the  blue  crab  fishery  are  summarized  in 
Appendix  .\:  included  are  Louisiana  legislative  statutes  (Title  56) 
and  rules  promulgated  by  the  Louisiana  Wildlife  and  Fisheries 
Commission  (Title  76). 

RECREATIONAL  FISHERY 

Recreational  crabbing  is  a  relatively  inexpensive,  low-key. 
family-oriented  activity  that  peaks  in  late  spring  and  summer.  Rec- 
reational fishers  harvest  crabs  with  a  variety  of  gear  including  crab 
traps,  hand  lines,  trotlines.  drop  nets,  dip  nets,  bait  seines,  and  rods 
and  reels  (Guillory.  this  volume).  Most  fishing  effort  occurs  in 
areas  accessible  by  roads  or  at  camps. 

Data  on  long-term  harvest  and  effort  trends  in  the  Louisiana 


recreational  blue  crab  fishery  are  lacking,  although  a  recreational 
crab  trap  gear  license  has  been  required  since  1987.  Recreational 
crab  trap  gear  licenses  have  increased  dramatically  from  224  in  the 
1988  to  1989  license  year  to  3.131  in  the  1994  to  1995  license  year 
(Fig.  1 ).  Guillory  (this  volume)  noted  that  most  recreational  trap 
fishers  set  traps  while  staying  at  camps  to  fish  or  hunt. 

Several  marine  recreational  surveys  (Davidson  and  Chabreck 
1983.  Titre  et  al.  1988.  Guillory  this  volutne)  documented  the 
importance  of  the  recreational  crab  fishery  in  Louisiana.  Davidson 
and  Chabreck  ( 1983)  estimated  that  approximately  51.000  pounds 
(23.182  kg)  were  harvested  from  Rockefeller  Refuge.  Louisiana  in 
1981;  this  value  equaled  0.3%  of  the  state's  commercial  harvest. 
Titre  et  al.  (1988)  reported  that  42.7%  of  interviewed  boaters  in  the 
Mississippi  River  deltaic  wetlands  participated  in  recreational 
crabbing  and  that  inail  respondents  averaged  1.3  to  1.7  crabbing 
trips  per  year.  Guillory  (this  volume)  found  that  approximately 
one-third  of  saltwater  fishing  license  holders  participated  in  rec- 
reational crabbing  in  Terrebonne  Parish,  Louisiana.  Of  those  who 
participated  in  recreational  crabbing,  average  annual  efforts  by 
fishing  mode  were:  nontrap  land-based.  5.8  to  7.9  trips;  nontrap 
boat-based.  7.6  trips;  and  trap.  1 1.6  sets.  Recreational  trawlers  who 
incidentally  harvested  blue  crabs  averaged  6.0  trips  per  year.  Over- 
all harvest  for  all  tlshing  modes  was  395.000  pounds,  or  4.1%  of 
the  reported  commercial  crab  harvest. 

Statewide  data  are  not  available  to  quantify  over-all  fishing 
effort  and  harvest  by  Louisiana  recreational  crab  fishers  accu- 
rately. However,  an  annual  harvest  of  approximately  1.85  x  10'^ 
pounds  (840.960  x  10'^  kg)  for  the  1990  to  1994  period  can  be 
estimated  if  the  recreational  harvest  is  assumed  equal  to  4.1%  of 
reported  comtnercial  production.  An  annual  statewide  harvest  of 
463.100  pounds  (210.500  kg)  for  trap  fishers  can  be  estimated 
using  the  average  number  (2.517)  of  1990  to  1991  to  1994  to  1995 
recreational  crab  trap  fishers  and  average  harvest  data  (Guillory. 
1998). 

COMMERCIAL  FISHERIES 

Data  Sources 

Commercial  gear,  effort,  and  harvest  data  were  obtained  largely 
from  Guillory  et  al.  (1996).  who  summarized  available  data  pro- 
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Figure  1.  Number  of  Louisiana  recreational  crab  trap  gear  licenses  by  license  year. 


vided  by  the  National  Marine  Fisheries  Service  (NMFS)  and  the 
LDWF.  Landings  data  through  1988  were  collected  by  NMFS  port 
agents  directly  from  dealers  and  processors.  Since  1989.  the 
LDWF  has  compiled  landings  data;  state  law  mandates  that  each 
fisher  or  wholesale/retail  dealer  selling  crabs  to  someone  other 
than  a  licensed  wholesale/retail  dealer  must  submit  a  monthly 
landings  summary  to  LDWF.  Estimates  of  the  number  of  full-  and 
part-time  commercial  crab  fishers  and  total  number  of  traps  from 
1950  to  1993  were  obtained  from  the  NMFS.  Commercial  crab 
trap  gear  licenses  from  1978  to  1995  were  provided  by  the  LDWF. 

Soft  Crab  Fishery 

Development  of  the  Fishery 

Louisiana,  unlike  other  Gulf  states,  has  a  long  and  successful 
history  of  commercial  soft-shell  crab  production  (Jaworski  1971, 
Jaworski  1972.  Jaworski  1982).  Because  of  market  demands  in 
New  Orleans,  the  soft  crab  fishery  initially  developed  along  the 
northern  shore  of  Lake  Pontchartrain  and  the  Rigolets  in  the  late 
1 800s.  The  geographic  and  effort  expansion  of  the  soft  crab  fishery 
was  associated  with  the  development  of  both  peeler  capture  tech- 
niques and  shedding  facilities;  the  latter  evolved  through  a  series 
of  increasingly  sophisticated  culture  systems.  Initial  shedding  tech- 
niques (i.e..  holding  peelers  in  wooden  floats  tethered  along  the 
shoreline)  were  borrowed  from  those  practiced  in  the  Chesapeake 
Bay,  where  the  U.S.  soft  crab  fishery  began.  The  fishery  later 
expanded  in  the  1930s,  when  it  was  discovered  that  peeler  or  soft 
crabs  could  be  captured  using  fresh  willow  {Salix  iiigni)  and  wax 
myrtle  (Myrica  cenfera)  branches.  Flow-through  circulating  sys- 
tems were  introduced  during  the  1960s  and  began  to  replace  pas- 
sive float  or  live  car  operations;  by  1970,  there  were  13  flow- 
through  facilities  in  coastal  Louisiana.  More  advanced  closed  re- 
circulating systems  first  appeared  in  the  early  1980s  and  by  1985 
(Horst  1985)  became  increasingly  important  because  of  deterio- 
rating water  quality,  waterfront  property  becoming  more  expen- 
sive, and  the  desire  to  move  shedding  operations  closer  to  home. 
Approximately  50%  of  Lake  Pontchartrain  crab  shedders  aban- 
doned Hoal  cars  by  1985,  with  closed  and  open  systems  occuiring 
in  equal  numbers.  The  development  o{  successful  shedding  tech- 
nology within  the   management  and  in\esinicnl  capabilities  of 


many  people  encouraged  industry  expansion  (Roberts  1985)  into 
southcentral  and  southwest  Louisiana  during  the  1980s  and  1990s 
(Caffey  et  al.  1993). 

Number  of  Shedders 

A  continuous  count  of  soft  crab  shedders  does  not  exist,  be- 
cause no  specific  license  was  required  until  1995.  when  legislation 
established  a  soft  crab  shedder's  license.  The  number  of  shedder 
licenses  sold  in  1996  was  185.  There  are  also  other  one-time 
estimates  of  soft  crab  operators — 425  according  to  a  1985  exten- 
sion agent  survey  (Manthe  1985);  and  from  228  to  300  in  1991 
(Caffey  et  al.  1993). 

Caffey  et  al.  ( 1993)  tabulated  the  number  of  soft  crab  shedders 
by  geographic  area.  The  largest  number  (86.8%  of  the  total)  was  in 
Southeast  Louisiana,  which  included  the  historical  zone  of  pro- 
duction from  the  parishes  bordering  Lake  Pontchartrain  and  adja- 
cent New  Orleans.  The  central  coast  (Lafourche.  Terrebonne,  and 
St.  Mary  Parishes)  and  southwest  Louisiana  (west  of  the  Atchafa- 
lya  River)  had  10.5%  and  2.6%,  respectively,  of  the  total. 

Peeler  Harvest  and  Shedding  Systems 

The  directed  harvest  of  soft  crabs  with  bush  lines,  dirty  traps, 
scrapes,  push  nets,  dip  nets,  trawls,  traps  and  wing  nets  became 
virtually  nonexistent  after  the  adoption  of  flow-through  and  closed 
recirculating  shedding  systems  (Guillory  et  al.  1996).  Peeler  crab 
catches  rely  predominantly  on  traps,  although  other  gear,  such  as 
jimmy  and  habitat  pots,  push  nets,  and  bush  lines,  may  also  con- 
tribute. 

In  1991.  the  primary  systems  were  the  closed,  recirculating 
systems  with  shell  (44.67o)  or  uptlow  sand  filters  (6.2%),  flow- 
through  .systems  (32.3%),  and  float  cars  (15.4%)  (Caffey  et  al. 
1993).  Some  float  cars  are  used  to  hold  white-line  crabs  or  tem- 
porary overflow  from  main  systems.  Shrimp  fishers  also  have 
incorporated  onboard  shedding  technology  to  shed  peeler  crabs 
harvested  duruig  shrimping  operations  (Supan  et  al,  1986). 

Production 

Historical  sotl  crab  production  may  be  underestimated  even 
more  than  hard  crab  landnms  because  of  the  manv  small  "'cottage- 
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type'"  operations  that  marketed  product  directly  to  consumers  or 
restaurants  without  reporting.  Surveys  by  Jaworski  (1971 ).  Roberts 
and  Thompson  (1982).  Horst  (1985).  CalYey  et  al.  (1993).  and 
Supan  (in  press)  all  suggested  that  Louisiana  soft  crab  production 
was  greatly  underestimated.  CatYey  et  al.  (199.3)  and  .Supan  (in 
press)  concluded  that  in  the  early  1990s,  actual  .soft  crab  produc- 
tion was  14  to  19  limes  greater  than  reported  production. 

Within  the  limitations  of  NMFS  soft  crab  production  data,  the 
following  analysis  of  trends  is  presented.  Annual  landings  in  Loui- 
siana a\eraged  nearly  I  17.000  pounds  (53.182  kg)  from  1880  to 
1933  (Guillory  et  al.  1996).  A  significant  increase  to  6.51.000 
pounds  (295.909  kg)  in  1934  was  associated  with  the  development 
of  the  bush  line  technique  in  the  Barataria  estuary  (Jaworski  1971 ) 
Landings  reached  their  highest  point  in  1945  at  nearly  2.4  x  K/' 
pounds  ( 1.09  X  10"  kg)  when  food  demands  during  World  War  II 
greatly  accelerated  crabbing  effort.  Production  ranged  from 
350,000  to  605.000  pounds  (159.000-275.000  kg)  during  the 
1950s  before  reaching  620.000  pounds  (281.818  kg)  in  1961 
(Table  1 ):  during  this  time,  soft  crabs  were  either  harvested  with 
bush  lines,  or  shed  in  floats  or  flow-through  systems  adjacent  to 
water  bodies.  Although  production  fluctuated  from  year  to  year,  it 
declined  to  a  low  of  75.000  pounds  (.34.091  kg)  in  1984.  The 
downward  trend  in  soft  crab  production  was  probably  caused  by 
declining  water  quality  and  the  unreliable  peeler  crab  source  (Ja- 
worski 1971.  Jaworski  1982.  Perry  et  al.  1982).  Production  in- 
creased after  1984,  with  more  than  200,000  pounds  (90,909  kg) 
produced  from  1990  to  1992.  Production  averaged  156,833  pounds 
(71,288  kg)  during  the  1990s.  Increased  production  in  the  late 
1980s  was  associated  with  the  development  and  widespread  adop- 
tion of  advanced,  closed-recirculating  systems,  the  recognition  by 
hard  crab  fishers  that  peeler  crabs  are  a  valuable  bycatch.  promo- 
tional and  extension  efforts,  the  demand  for  soft  crabs,  and  poten- 
tial economic  return  (Guillory  et  al.  1996).  Increased  fishing  effort 
(both  number  of  fishers  and  average  number  of  traps  per  fisher) 
probably  also  contributed  to  an  increased  supply  of  peeler  crabs. 

Louisiana  averaged  9.29c  of  total  U.S.  production  during  the 
1960s  but  declined  to  approximately  5%  during  the  1980s  and 
1990s.  Louisiana  soft  crab  production  comprised  97.8'7r  of  Gulf  of 
Mexico  production  from  1950  to  1977.  but  declined  to  8I.9'7f  from 
1978  to  1986  as  production  increased  in  Florida. 

Annual  dockside  values  of  the  fishery  (Table  1 )  averaged 
S466.333  in  the  1990s.  Price  per  pound  in  Louisiana  has  been 
higher  than  along  the  Atlantic  Coast  because  of  larger  crab  size, 
excessive  demand  in  New  Orleans,  and  a  common  practice  of 
direct  sales  to  retailers  (Horst  1979.  Otwell  and  Cato  1982). 

Hard  Crab  Fishery 

Gear 

The  wire  trap  is  the  primary  commercial  gear  presently  used  to 
harvest  blue  crabs,  although  they  are  harvested  as  incidental  catch 
in  otter  trawls  and  skimmer  nets.  Other  legal  commercial  gear 
include  trotlines.  drop  nets,  handlines.  dip  nets,  and  cast  nets.  Wing 
nets  and  hoop  nets  have  also  been  used  at  various  times  in  the 
fishery. 

Landing  percentages  by  trap,  trotline.  drop  net.  and  trawl  from 
1950  to  1989  are  illustrated  in  Table  2;  landings  after  1989  were  no 
longer  designated  by  gear  type.  The  only  other  gear  with  reported 
landings  was  the  wing  net.  During  the  1950s  and  1960s  the  com- 
mercial fishery  evolved  from  a  trotline  to  Irotline-drop  net  and 
finally  to  a  trap-based  fishery.  In  1950.  trotline  landings  composed 


TABLE  1. 
Louisiana  hard  and  soft  crab  aniiiiul  production  (1,(100  Ihs.l  and 

vaiuf  ($i,oo(h,  iy.=;o-iy9.^. 


Hard  Crabs 

Soft  Crabs 

Year 

Harvest 

Value 

Harvest 

Value 

I').'i0 

13,106 

599 

364 

165 

1^)51 

8,710 

461 

350 

1X8 

m.s: 

7,334 

314 

448 

215 

iy.s3 

8,131 

333 

488 

203 

1 454 

7.085 

294 

455 

215 

m.'i.s 

10.811 

449 

581 

290 

ii),'i6 

9.402 

433 

600 

2-'iO 

I4.S7 

8,559 

419 

551 

192 

1958 

9.3-^6 

402 

577 

298 

I9.S9 

9.570 

461 

605 

302 

1960 

10.050 

497 

514 

256 

1961 

11.910 

514 

620 

310 

1962 

9,523 

463 

344 

172 

1963 

7.982 

447 

329 

164 

1964 

5.692 

379 

200 

127 

1965 

9.284 

635 

204 

141 

1966 

7.906 

537 

128 

85 

1967 

7.559 

520 

146 

121 

1968 

9.551 

807 

284 

207 

1969 

1 1 .602 

1.072 

197 

161 

1970 

10.254 

928 

90 

79 

1971 

12.186 

1.256 

127 

126 

1972 

15.083 

1.777 

102 

109 

1973 

23.080 

2.811 

119 

132 

1974 

20,639 

2,701 

96 

127 

1975 

17.144 

2.510 

111 

155 

1976 

15,211 

3,061 

88 

145 

1977 

16,154 

3,765 

225 

570 

1978 

15,074 

3,189 

133 

276 

1979 

21,334 

3,885 

147 

3.38 

1980 

18,183 

3,874 

118 

273 

1981 

16,237 

4,468 

100 

238 

1982 

17,284 

4,843 

164 

432 

1983 

19.616 

6.366 

101 

290 

1984 

29.617 

8.191 

75 

203 

1985 

29.848 

8.386 

82 

200 

1986 

31.611 

9.310 

79 

181 

1987 

52.345 

20.134 

139 

371 

1988 

53,554 

21.447 

162 

439 

1989 

33.390 

14.781 

172 

421 

1990 

39.135 

14,830 

249 

621 

1991 

51.987 

17.467 

200 

298 

1992 

51.744 

26.666 

240 

5-^2 

1993 

45.847 

24.039 

99 

426 

1994 

36.664 

22.090 

100 

436 

1995 

36.914 

29,541 

53 

485 

97.2%  of  the  total;  after  1950,  trotline  landings  declined  gradually 
and  were  recorded  in  only  I  year  (1985)  after  1978.  Drop  net 
landings  were  highest  from  1956  to  1965,  and  then  drastically 
declined.  By  1967,  traps  displaced  trotlines.  drop  nets,  and  trawls 
as  the  dominant  gear  in  the  fishery.  Trap  landings  increased  in 
importance  until  by  the  late  1980s,  when  they  compri.sed  over  99% 
of  reported  landings.  Trawl  landings  were  highest  during  the  1960s 
and  early  1970s;  trawls  were  the  only  other  gear  with  consistent 
reported  landings  during  the  1980s,  although  they  accounted  for 
less  than  0.5%  of  1980  to  1989  landings. 
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TABLE  2. 

Percentages  of  Louisiana  annuul  hard  crab  landings  by  gear  type, 
iy5()-  1989. 


TABLE  3. 

Percentages  of  fishers  by  gear  type,  o>er-all  number  of  fishers,  and 

percentage  part-time  fishers  in  the  Louisiana  hard  crab  fishery. 

1950-1993  (full  =  full-time,  part  =  part-  time). 


Drop 

Net 

Year 

Trawl 

Trap 

Trotline 

Year 

Percentage 

of  Total 

Fisher  Number 

1950 

02 
<0.1 

0.4 
8.1 

97.2 
87.9 

3.8 

Trap 

Trotline 

Drop  Line 

Full 

Part 

Total 

%  Part 

1951 

1952 

0.5 

7.5 

87.3 

4.7 

1950 

0.3 

9 1 ,0 

8.7 

755 

H)|) 

9.54 

21,9 

1953 

0.4 

6.4 

89.1 

4.2 

1951 

7.8 

81.8 

10.4 

674 

228 

9(J2 

25,2 

1954 

1.7 

0.0 

90.1 

8.2 

1952 

8.3 

75.9 

15.8 

654 

272 

926 

29.1 

1955 

0.5 

0.0 

90.8 

8.6 

1953 

6.4 

71.1 

22.4 

676 

331 

1007 

12,9 

1956 

0.4 

0.0 

78.0 

21.6 

1954 

0.0 

73.0 

27.0 

608 

207 

S15 

25,4 

1957 

0.8 

0.2 

79.4 

19.6 

1955 

0,0 

81.8 

18.2 

553 

184 

717 

25,0 

1958 

1.0 

0.1 

79.2 

19.6 

1956 

0.0 

75.1 

24.9 

538 

178 

716 

24,9 

1959 

1.4 

0.2 

77.5 

20.9 

1957 

1.8 

S6.2 

26.1 

531 

173 

704 

24,6 

1960 

1.4 

0.4 

75.2 

23.0 

1958 

1.5 

71.4 

27.1 

595 

LW 

7-14 

18.9 

1961 

7.6 

0.3 

72.3 

19.8 

1959 

1.5 

70.4 

27.0 

589 

155 

753 

20.6 

1962 

7.4 

0.6 

71.5 

20.4 

1960 

1.5 

73.1 

25.4 

640 

16-1 

803 

20.3 

1963 

7.1 

1.0 

7.1.9 

17.9 

1961 

1.3 

68.2 

30.4 

733 

190 

923 

20.6 

1964 

1L4 

5.2 

59.2 

24.2 

1962 

2.5 

63.5 

34.0 

809 

203 

1012 

20,0 

1965 

21.0 

12.0 

50.0 

16.9 

1963 

3.0 

65.3 

31.7 

893 

19.1 

1086 

17,8 

1966 

8.5 

.W.5 

44.0 

9.0 

1964 

3.0 

60.4 

36.5 

1003 

145 

1148 

12,6 

1967 

6.1 

56.6 

29.9 

7.3 

1965 

10.0 

.57.1 

32.9 

10.16 

189 

1225 

15,4 

1968 

4.7 

56.7 

30.0 

8.6 

1966 

32.1 

55,3 

10.8 

951 

Til 

1171 

18.9 

1969 

8.1 

57.6 

27.6 

6.6 

1967 

46.8 

42.5 

10.7 

952 

243 

1195 

20,3 

1970 

11.5 

.S5.9 

25.0 

7.6 

1968 

45.4 

44.2 

104 

984 

287 

1271 

22,6 

1971 

8.7 

77.0 

14.2 

<0.1 

1969 

45.9 

44.0 

10.2 

979 

119 

1298 

24.6 

1972 

4.6 

75.0 

19.3 

1.1 

1970 

53.5 

32.8 

13.6 

8-56 

185 

1041 

17.8 

197.^ 

5.6 

83.0 

10.0 

0.0 

1971 

61. .1 

31.4 

7.4 

852 

215 

1087 

21,6 

1974 

1.0 

95.0 

4.0 

0.0 

1972 

65.0 

31.2 

3.8 

874 

194 

1068 

18,2 

1975 

1.6 

92.1 

6.3 

0.0 

1973 

79.0 

21.0 

0.0 

760 

198 

958 

20,7 

1976 

2.3 

96.7 

0.8 

0.0 

1974 

83.3 

16.7 

0.0 

762 

209 

971 

21.5 

1977 

0.9 

97.8 

1.2 

0.0 

1975 

87.2 

12.8 

0.0 

789 

242 

Kill 

234 

1978 

1.4 

98.3 

0.2 

0.0 

1976 

91.4 

8.6 

0.0 

864 

246 

1110 

-)T  -) 

1979 

6.9 

99.3 

0.0 

0.0 

1977 

93.7 

6.3 

0.0 

783 

243 

1026 

23,7 

1980 

2.6 

97.4 

0.0 

0.0 

1978 

100.0 

0.0 

0.0 

783 

284 

1067 

26,6 

1981 

1.3 

98.7 

0.0 

0.(1 

1979 

100.0 

0.0 

0.0 

778 

.107 

1085 

28.3 

1982 

0.9 

99.1 

0.0 

0.0 

1980 

100.0 

0.0 

0.0 

612 

273 

885 

10.8 

1983 

0.7 

99.3 

0.0 

0.0 

1981 

100,0 

0,0 

0.0 

628 

263 

891 

29.5 

1984 

0.5 

99.5 

<0.1 

0.0 

1982 

100,0 

0,0 

0,0 

674 

101 

975 

30.9 

1985 

0.1 

99.9 

0.0 

0.0 

1983 

100.0 

0.0 

0.0 

612 

214 

826 

25.9 

1986 

0.1 

99.9 

0.0 

0.0 

1984 

99.7 

0..^ 

0.0 

680 

3.16 

1019 

11.0 

1987 

0.1 

99.9 

0.0 

0,0 

1985 

10(1.0 

0.0 

0.0 

692 

118 

1010 

12.8 

1988 

0.1 

99.9 

0.0 

0.0 

19S6 

100,0 

0.0 

0,0 

812 

104 

916 

11.4 

1989 

0.1 

49.9 

0.0 

0.0 

1987 

100,0 

0.0 

0.0 

1.126 

105 

1211 

8.5 

1988 

]()()() 

0.0 

0.0 

1,024 

311 

1337 

21.4 

1989 

100.0 

0.0 

0,0 

1 .690 

202 

1892 

1 1 .0 

1990 

100,0 

0(1 

0,0 

2.044 

259 

2101 

11.2 

The  pe 

rcentage  o 

r  fishers  by  gear  type  (Table  3)  mirrored  the 

1991 

100,0 

0.0 

0,0 

2.604 

486 

.1020 

16.1 

trend  shown  by  gear- 

specific  landings — 1 

the  number  of  trap 

fishers 

1992 

100,0 

0.0 

0.0 

2.6.50 

210 

2860 

7.1 

increased 

until  1979. 

when  they  usually 

comprised  l(M)7f 

of  par- 

1 993 

100,0 

0.0 

0.0 

2,709 

224 

2933 

7.6 

ticipants.  The  number  of  trotline  fishers  steadily  declined,  with  no 
trotline  fishers  recorded  after  1984.  The  number  of  drop  net  fishers 
reached  its  peak  in  the  early  1960s,  followed  by  a  rapid  decline  and 
disappearance  by  1973.  Trawl  fishers  were  excluded,  because  they 
did  not  generally  target  blue  crabs. 

F'ishing  Effort 

The  number  of  fishers,  according  to  the  NMFS.  markedly  in- 
creased from  416  in  19X6  to  2,933  in  1993  alter  a  slight  decrease 
during  the  early  1980s  (Table  3).  Earlier  high  levels  occurred  in 
1953  and  in  the  mid-  to  late  1960s. 

Fishery-dependent  data  trace  the  early  development,  rapid  ex- 


pansion during  the  1980s,  and  stabilization  in  the  1990s  of  the  trap 
fishery  (Table  4).  Fishing  effort  has  increased  both  in  number  of 
fishers  and  units  of  gear  utilized.  The  number  of  LDWF  crab  trap 
gear  licenses  ranged  between  751  to  832  from  1978  to  1981. 
increased  until  a  peak  of  3,019  was  reached  in  1989,  decreased 
slightly  and  stabilized  (2.503-2,807)  from  1990  to  1994,  and  then 
increased  again  sharply  to  3,482  in  1995.  Estimates  of  trap  fishers 
by  NMFS  were  slightly  greater  than  gear  license  sales  from  1978 
to  1981,  substantially  lower  throughout  the  I98()s,  and  then  fairly 
similar  in  1992  and  1993.  Gear  license  sales  are  considered  to  be 
a  more  reliable  effort  index  than  the  1977  to  1993  NMFS  estimates 
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TABLE  4. 

National  Marino  Fishcriis  Ser\ice  estimates  of  numhur  of  vessels, 

llsluTs.  total  number  of  traps,  and  average  traps  jier  llslier  and 

landings  and  gear  licenses  in  Ihe  Louisiana  commercial  trap  fishery. 


Total 

Average 

Landings 

\'ear 

Vessels 

Fishers 

Traps 

Traps 

(LOOOIbs) 

Licenses 

1950 

1 

3 

150 

50 

60 

1951 

60 

70 

3.500 

50 

706 

1952 

77 

77 

4.070 

53 

5.50 

1953 

65 

65 

3.575 

55 

517 

1954 

0 

0 

0 

0 

1955 

0 

0 

0 

0 

1956 

0 

0 

0 

0 

1957 

13 

13 

325 

25 

17 

1958 

11 

11 

275 

25 

13 

1959 

11 

11 

275 

25 

19 

1960 

12 

12 

300 

25 

38 

1961 

12 

12 

300 

25 

38 

1962 

25 

25 

2.010 

80 

57 

1963 

33 

33 

3.010 

91 

82 

1964 

34 

34 

3.250 

96 

297 

1965 

120 

122 

1 1 .465 

94 

1.119 

1966 

272 

377 

40,240 

101 

3.126 

1967 

3s;i 

559 

58.785 

1(15 

4.279 

1968 

391 

577 

65.550 

114 

5.414 

1969 

480 

594 

67.920 

114 

6.686 

1970 

542 

557 

75.760 

136 

5.728 

1971 

601 

666 

84.070 

126 

9.386 

1972 

646 

694 

89.632 

126 

11.367 

1973 

730 

757 

93.595 

124 

19.157 

1974 

790 

809 

108.100 

134 

19.601 

1975 

880 

899 

122.840 

137 

17.788 

1976 

997 

1.015 

144.014 

142 

14.713 

1977 

933 

961 

1.34.125 

140 

15.744 

1978 

NA 

1.067 

151.847 

142 

14.824 

832 

1979 

1.044 

1.085 

160.466 

148 

21.186 

751 

1980 

855 

885 

154.673 

175 

17.709 

827 

1981 

848 

891 

147.532 

165 

16.033 

810 

1982 

868 

975 

152.334 

1.56 

17.125 

981 

1983 

732 

826 

139.044 

168 

19.486 

1.296 

1984 

939 

1.016 

171.205 

168 

29,458 

1.337 

1985 

902 

1 .030 

190.220 

185 

29.825 

1 .600 

1986 

985 

916 

198.056 

216 

31.574 

1985 

1987 

886 

1.225 

279.169 

228 

52.263 

2.927 

1988 

993 

1.337 

292.275 

219 

53.478 

2.809 

1989 

1.281 

1.892 

281.864 

149 

33.341 

3.019 

1990 

1.958 

2.303 

296.842 

129 

"39.096 

2.807 

1991 

2.484 

3.020 

392.030 

130 

■■51.935 

2.57 1 

1992 

2.403 

2.602 

366.366 

141 

"51.692 

2.7.34 

1993 

2.592 

2.711 

441.710 

163 

■■45.801 

2.854 

1994 

"36.627 

2.503 

1995 

"36.877 

3.482 

"Trap  landings  assumed  to  equal  99.99c  of  total. 

of  trap  fishers.  Thus.  NMFS  trap  estimates  are  probably  on  the  \o\\ 
side.  The  estimated  number  of  traps  per  fisher  increased  from  25 
in  1957  to  228  in  1987  and  then  declined  to  129  to  163  in  the  1990s 
(Table  4).  According  to  NMFS  estimates,  the  number  of  over-all 
traps  in  the  fishery  dramatically  increased  from  approximately 
140,000  in  the  early  1980s  to  441.710  in  1993.  The  average  num- 
ber of  reported  traps  dropped  sharply  after  1988,  contrary  to  per- 
sonal observations  and  conversations  with  commercial  fishers;  this 
period  coincided  with  the  shift  in  commercial  crab  landings  moni- 


toring from  the  NMFS  to  the  LDWF.  In  addition,  there  are  ap- 
proximately 3.100  recreational  trap  fishers  who  may  use  up  to  10 
traps  each. 

Lindall  and  Hall  (1970)  suggested  that  expanded  Louisiana 
fishing  effort  during  the  mid-196()s  was  attributable  to  a  temporary 
decline  in  Atlantic  Coast  crab  production  and  generally  higher 
prices  for  Louisiana  catches.  lncrea,sed  fishing  effort,  as  measured 
by  trap  license  sales,  during  the  1980s  has  been  attributed  to  sev- 
eral interrelated  factors:  relatively  low  fixed  investment  require- 
ments, high  resource  abundance,  layoffs  in  the  depressed  oil  and 
gas  industry,  problems  in  other  commercial  fisheries,  and  the  sud- 
den influx  of  Indochinese  into  the  fishery  (Roberts  and  Thompson 
1982.  Keithly  et  al.  1988.  Steele  and  Perry  1990).  An  improving 
economy,  increased  operating  costs,  declining  catch  rates,  and 
other  factors  in  the  early  1990s  may  have  encouraged  some  fishers 
to  leave  the  fishery  and  provided  little  incentive  for  new  fishers  to 
enter  the  fishery  (Guillory  et  al,  1996).  The  dramatic  1995  increase 
in  gear  license  sales  was  attributed  to  new  legislation  that  estab- 
lished eligibility  criteria  (i.e..  purchase  of  the  same  license  during 
either  1993.  1994.  or  1995)  for  a  1996  to  1998  crab  trap  gear 
license  moratorium.  In  1995.  1.368  licenses  were  purchased  by 
fishers  who  had  held  no  license  in  either  1993  or  1994.  and  70.3% 
of  these  new  licenses  were  purchased  after  passage  of  the  statute. 
If  it  is  assumed  that  a  20%  turnover  in  fishers  occurs  each  year,  as 
documented  in  Alabama  (Walter  Tatum  pers.  comm.).  and  that 
most  1995  licenses  purchased  after  passage  of  the  license  mora- 
torium were  speculati\e.  then  the  number  of  active  commercial 
fishers  in  1995  was  probably  similar  to  1994. 

The  Louisiana  commercial  blue  crab  fishery  is  characterized  by 
many  part-time  fishers  (Table  3).  The  percentage  of  part-time  fish- 
ers increased  markedly  in  the  late  1970s  and  early  1980s  before 
declining  sharply.  By  period,  the  average  percentage  of  part-time 
fishers  was:  21.7%  from  1950  to  1977:  29.7%  from  1978  to  1985: 
and  12.1%  from  1986  to  1993.  According  to  Jaworski  (1972), 
crabbing  in  Barataria  Bay,  Louisiana  was  a  seasonal  and  secondary 
occupation  for  many  fishers.  From  1978  to  1985.  26.6  and  3.0%  of 
licensed  trap  fishers  also  purchased  commercial  shrimp  or  oyster 
licenses,  respectively  (Roberts  and  Pawlyk  1986).  The  3.387  in- 
dividuals who  purchased  1995  commercial  crab  trap  gear  licenses 
also  possessed  2.487  shrimp  gear  (trawl,  skimmer,  wing  net).  621 
gill  net,  and  139  oyster  dredge  licenses  (Roberts  1997). 

Landings 

Blue  crab  landings  are  probably  less  accurate  than  those  for 
other  commercial  species.  Landings  underestimate  actual  produc- 
tion, because  some  dealers  may  not  report  all  landings,  and  not  all 
market  channels  are  incorporated  into  the  reporting  system.  Actual 
production  has  been  estimated  to  exceed  reported  production  at 
least  fourfold  (Adkins  1972).  approximately  twofold  (Keithly  et  al. 
1988).  and  nearly  sixfold  (Roberts  and  Thompson  19821  than  pub- 
lished statistics.  These  three  surveys  suggest  that  historical  pro- 
duction may  have  been  2  to  3  times  greater  than  reported  produc- 
tion. Although  there  are  acknowledged  limitations  in  landings, 
trends  and  cycles  oxer  time  can  be  identified. 

Commercial  blue  crab  landings  have  been  recorded  in  Louisi- 
ana since  1880.  although  data  were  not  continuous  before  1948 
(Guillory  et  al.  1996).  Annual  commercial  landings  in  Louisiana 
increased  from  1.4  x  10''  pounds  (636,354  kg)  in  the  late  1880s  to 
14  X  lO*"  pounds  (6.36  x  10''  kg)  million  pounds  in  1940.  Increased 
hard  crab  landings  in  the  1920s  is  attributable  to  the  initial  devel- 
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opment  of  crab  meat  processing  plants  (Jaworski  1972).  Annual 
landings  peaked  at  31.2  x  10"  pounds  (14.18  x  Uf  kg)  in  1945. 
conesponding  with  curtailment  of  gasoline  and  commodity  ration- 
ing and  possible  re-entry  of  World  War  II  veterans  intu  the  fishery 
(Steele  and  Perry  1990). 

Annual  landings  averaged  9.5  x  10"  pounds  (4.32  x  10"  kg) 
million  pounds  from  1950  to  1962.  but  declined  below  8.0  x  10" 
pounds  (4.32  x  10"  kg)  4  of  the  ne.xt  7  years  (Table  I ).  Landings 
gradually,  but  erratically,  increased  from  the  late  1960s  through 
the  early  1980s  and  then  increased  dramatically  in  the  mid-1980s, 
with  five  successive  harvest  records  set  from  1984  to  1988. 

The  transition  from  a  trotline-drop  net  fishery  to  a  more  effi- 
cient trap  fishery  along  with  increased  market  demand  and  pro- 
cessing capacity  gradually  contributed  to  increasing  landings 
through  the  early  1980s,  whereas,  the  dramatic  increase  during  the 
1980s  was  attributed  to  increased  fishing  effort.  Landings  averaged 
44.2  x  10"  pounds  (20.09  x  10"  kg)  during  the  1990s.  Although 
there  were  several  relatively  poor  years  (1989,  1990,  1994,  and 
1995),  after  1986,  when  fishing  effort  peaked  and  then  stabilized, 
annual  landings  during  this  period  were  all  above  the  15-year 
(1981  to  1995)  mean  of  36.4  X  10"  pounds  ( 16.54  x  10"  kg),  except 
for  1989. 

During  the  1960s,  Louisiana  landings  averaged  30%  of  Gulf  of 
Mexico  production  (Fig.  2),  although  Florida  outranked  Louisiana 
during  this  time  (Guillory  et  al.  1996).  By  the  1970s,  Louisiana 
became  the  leading  producer  in  the  gulf,  averaging  45.9%  of  gulf 
landings  from  1973  to  1985,  64.3%  from  1986  to  1990,  and  72.7% 
from  1991  to  1994.  Louisiana's  share  of  U.S.  landings  exhibited  a 
similar  trend— 6.8%  from  1960  to  1972,  12.9%  from  1973  to  1986, 
and  more  than  25%  in  1987,  1988,  and  1992.  Louisiana  led  the 
U.S.  landings  m  1987,  1988,  1991,  and  1992.  Virginia  or  Maryland 
ranked  first  in  earlier  years  and  North  Carolina  in  recent  years. 

Interannual  changes  in  landings  increased  in  the  late  1980s  and 
1990s  (Fig.  3).  Earlier  fluctuations  were  partly  attributed  to  eco- 
nomic conditions  (Lyles  1976,  Moss  1982);  whereas,  more  recent 
oscillations  probably  were  related  to  increased  fishing  effort. 
Caddy  (1984)  postulated  that  as  a  fishery  matured  and  fishing 


effort  increased,  variability  in  stock  abundance  would  result  in 
greater  oscillations  in  landings,  because  a  larger  proportion  of  the 
population  would  be  harvested.  Rogers  et  al.  ( 1990)  suggested  that 
the  Georgia  blue  crab  population  had  been  "fished  down"  to  the 
point  that  the  fishery  was  essentially  dependent  upon  1  year  class, 
resulting  in  more  interannual  variability  than  in  a  multiple  year 
class  population. 

Annual  catch  per  tniit  efforts  (CPUE)  by  trap  fisher  were  cal- 
culated for  the  1978  to  1995  period.  A  significant  downward  trend 
over  time  in  CPUE  by  trap  fisher  (r"  =  0.33,  p  =  .0125)  was 
found  (Fig.  4).  The  downward  trend  in  CPUE  by  fisher  was  damp- 
ened by  increased  number  of  traps  per  fisher  and  perhaps  by  better 
documentatit)n  of  landings  in  recent  years.  Periodic  high  levels  in 
CPUE  were  evident,  after  which  CPUE  gradually  declined  for 
several  years  before  abruptly  increasing  again. 

Several  observations  related  to  the  long-term  decline  in  com- 
mercial CPLIE  and  declining  production  after  1992  are  prudent  at 
this  time.  First,  long-term  declines  in  commercial  CPUE  typically 
occur  in  an  open-access  fishery  as  fishing  effort  increases  (Caddy 
1984).  Second,  blue  crab  populations  are  cyclic  (Prochaska  and 
Taylor  1982,  Lipcius  and  Van  Engel  1990),  and  the  blue  crab 
population  in  Lt)uisiana  appears  to  be  in  a  low  abundance  phase. 
Blue  crab  population  abundance  in  the  Chesapeake  Bay  seemed  to 
remain  consistently  high  or  low  for  2  or  more  years  before  chang- 
ing (Lipcius  and  Van  Engel  1990).  Third,  excessive  capture  and 
harvest  of  sublegal  blue  crabs  in  recent  years  inay  have  reduced 
over-all  weight  of  landings.  Harvest  of  sublegal  individuals  in  a 
heavily  exploited  fishery  probably  will  result  in  reduced  CPUE  of 
heavier,  legal  individuals.  Capture  and  handling  effects  (Guillory 
and  Hein,  1998)  may  also  result  in  delayed  mortalities  and  reduced 
future  growth  rates  for  sublegal  blue  crabs  after  culling.  Walton 
and  Green  (1992)  concluded  that  declining  commercial  blue  crab 
landings  in  Galveston  Bay,  Texas  may  have  been  caused  by  in- 
creased predation  from  fish,  environmental  factors,  excessive  har- 
vest of  sublegal  crabs,  a  decline  in  productixity  attributed  to  marsh 
loss,  and  increased  bycatch  in  other  fisheries. 

Total  dockside  value  iiradually  mcreased  durini;  the  1960s  hut 
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Figure  3.  Vear-to-year  changes  in  Louisiana  liard  crab  landings,  1967-1995. 


began  to  fluctuate  more  as  landings  exhibited  greater  oscillations 
(Table  I).  Dockside  values  ranged  froni  $14.8-29.5  x  10''  from 
1987  to  1995  and  averaged  S22.4  x  10"  during  the  1990s. 

Summary 

Combined  soft  and  hard  crab  commercial  production  and  value 
averaged  44.4  x  10*  pounds  (20.18  x  10"  kg)  and  $22.9  x  10" 
during  the  1990s,  although  these  figures  are  significantly  under- 
estimated because  of  unreported  landings.  Recreational  harsest  is 
estimated  at  appro.ximately  1  85  x  10"  pounds  (840.910  kg)  for  the 
same  period.  Lindall  and  Hall  (1970)  suggested  that  Louisiana 
could  produce  an  annual  blue  crab  yield  more  than  100  x  10" 
pounds  (45.45  x  10"  kg)  if  production  per  acre  were  similar  to  that 
of  the  Chesapeake  Bay.  As  fishing  effort  increased,  there  was  a 
short-term  increase  in  hard  crab  landings,  followed  by  decreased 
catch  rates  per  fisher  and  increased  interannual  variability  in  land- 
ings. 


FISHERY-INDEPENDENT  MONITORING 

The  inshore  fishery-independent  bottom  fish/shrimp  assess- 
ment and  monitoring  program  of  the  LDWF  Marine  Fisheries  Di- 
vision was  implemented  in  1967  and  was  largely  based  upon  meth- 
odology utilized  during  the  Cooperative  Gulf  of  Mexico  Estuaries 
Inventory  and  Study.  Samples  were  taken  with  a  4.9  m  flat  otter 
trawl  from  approximately  25  inshore  stations  weekly  from  March 
to  October  and  biweekly  from  November  to  February.  Blue  crabs 
were  counted,  sexed.  and  carapace  width  (CW)  of  50  individuals 
were  measured  in  5  mm  intervals. 

Over-all  annual  CPUE  in  4.9  mm  trawls  ranged  from  2.85  to 
14.49  and  averaged  7.29  over  the  period:  there  was  a  significant 
upward  trend  in  over-all  CPUE  over  time  (r"  =  0.18.  p  =  .0202) 
(Fig.  5).  Annual  mean  size  ranged  from  58.4  to  95.6  mm  CW  and 
averaged  80.4  mm  CW;  a  significant  downward  trend  (r"  =  0.55. 
p  =  .0001)  was  present  (Fig.  6). 
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Increased  over-all  blue  crab  CPUE  over  time  was  attributed  to 
increased  annual  mean  CPUE  of  recruit  (<40  mm  CW)  (r"  =  0.28, 
p  =  .00.^0)  (Fig.  7)  and  of  early  juvenile  (40-99  mm  CW)  (r"  = 
0.19,  p  =  .0192)  blue  crabs  with  time.  There  was  no  significant 
long-term  trend  in  late  juvenile  (100-125  mm  CW)  blue  crab 
CPUE.  Annual  mean  adult  (>125  mm  CW)  CPUE.  however,  sig- 
nificantly decreased  over  time  (r"  =  0.30,  p  =  .0023)  (Fig.  8). 
Increased  CPUE  of  recruit  and  early  juvenile  blue  crabs  and  de- 
creased CPUE  of  adult  blue  crabs  accounted  for  the  decline  in 
mean  size.  Osburn  et  al.  ( 1992)  and  Cody  et  al.  ( 1992)  observed 
similar  trends  in  blue  crab  CPUE  and  size  in  long-term  datasets 
from  Texas. 

A  complex  of  interacting,  nonquanlifiable  factors  probably 
contributed  to  long-term  trends  in  recruit,  early  juvenile,  and  legal 
blue  crab  CPUE  in  trawl  data.  Consequently,  factors  that  may  have 


infiuenced  observed  trends  are  listed,  but  not  prioritized.  The  up- 
ward trend  in  recruit  and  early  juvenile  blue  crab  CPUE  may  be 
attributable  to:  habitat  changes  associated  with  marsh  disintegra- 
tion, which  may  have  temporarily  increased  high  quality  marsh/ 
water  interface  habitat  and  detrital  input  lo  the  food  web,  or  may 
have  resulted  in  increased  movement  of  juvenile  blue  crabs  from 
marsh  habitats  lo  bays  and  lakes  where  trawl  stations  are  located; 
increased  inundation  time  of  intertidal  marshes;  long-term  trends 
in  climatic,  hydrographic,  and  biotic  factors;  and  other  unknown 
factors.  The  significant  upward  trend  in  recruit  and  early  juvenile 
CPUE,  and  significant  downward  trend  in  legal  CPUE  suggests 
that,  although  early  recruitment  may  have  increased,  mortality 
rates  on  larger  juvenile  and  legal  blue  crabs  have  increased  from 
several  factors:  legal  fishing  mortality  caused  by  increased  com- 
mercial and  recreational  fishing  effort,  illegal  harvest  of  sublegal 
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Figure  7.  Mean  annual  recruit  (<40  mm  CW)  blue  crab  catch  per  trawl  sample  (CPUE)  and  calculated  regression  line  of  CPUE  and  time  (r^ 
=  0.28,  p  =  .0030). 


crabs,  capture  and  handling  mortalities  of  sublegal  crabs  caught  in 

traps  and  other  gear,  predation.  and  other  unknown  factors. 

STATUS  OF  THE  FISHERY  AND  RESOURCE 

A  quantitative  stock  assessment  of  the  Louisiana  blue  crab 
population  currently  is  not  possible,  although  the  general  status  of 
the  fishen,  and  resource  can  be  qualitatively  characterized.  Exces- 
sive fishing  effort  (i.e..  beyond  that  needed  to  achieve  current 
harvest  levels)  is  suggested  from  long-term  trends:  declining  com- 
mercial CPUE;  probable  increased  number  of  traps  per  fisher;  and 
decreased  over-all  mean  size  and  legal  blue  crab  CPUE  in  fishery 
independent  data.  Total  landings  in  an  open-access  fishery  gener- 
ally increase,  but  at  a  decreasing  rate,  with  successive  unit  in- 
creases in  effort  until  reaching  a  point  where  no  further  increase  in 
landings  is  realized:  consequently,  catch  (and  revenue)  per  fisher 
will  eventually  decrease  in  an  expanding  fishery. 


The  upv\  ard  trend  in  recruit  and  early  juvenile  blue  crab  CPUE 
in  16-foot  trawl  samples  over  the  1967  to  1993  period,  abundance 
of  megalopae  in  northern  Gulf  of  Mexico  estuanes  (Heck  and 
Coen  1995.  van  Montfrans  et  al.  1995).  and  the  various  "r- 
selected"  life  history  characteristics  (i.e..  high  fecundity,  high  in- 
terannual  variation  in  abundance,  rapid  growth,  early  reproductive 
maturity,  and  relatively  short  life  span)  of  the  species  (Van  Engel 
1987).  suggest  that  larval  recruitment  is  not  a  limiting  factor  in 
blue  crab  abundance  in  Louisiana.  Rather,  blue  crab  populations  in 
the  Gulf  of  Mexico  are  probably  limited  by  postsettlement  pro- 
cesses (van  Montfrans  et  al.  1995). 

The  high  fisheries  productivity  of  Louisiana's  estuaries  must  be 
acknowledged  when  considering  the  blue  crab  resource  and  fish- 
ery. This  high  productivity  was  attributed  to  several  factors  by  Day 
et  al.  (1973):  near  subtropical  climatic  regime  and  abundant  rain- 
fall, the  large  input  of  freshwater  and  nutrients  by  the  Mississippi 
River,  the  low  coastal  wave  activitv.  daily  tidal  fiushins.  and 
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the  broad,  near  sea  level  coastal  plain.  Thomas  et  al.  (1990)  sug- 
gested that  more  marsh  edge,  lower  tidal  amplitudes,  and  longer 
periods  of  tidal  mundation  accounted  for  the  higher  abundance  of 
blue  crabs  in  the  northern  Gulf  of  Mexico  than  along  the  Atlantic 
Coast. 

MAJOR  ISSUES 

Habitat  loss,  excessive  fishing  effort,  user  group  conflicts,  and 
capture  and  harvest  of  sublegal  crabs  are  probably  the  most  critical 
issues.  Other  obvious  and  conspicuous  issues  include  inadequate 
documentation  of  effort  and  production,  import  competition,  com- 
pliance with  processing  regulations,  and  trap  and  crab  thefts. 
Peeler  crab  availability  and  bait  availability  and  cost  are  other 
concerns.  Lack  of  funding  for  blue  crab  monitoring  and  research 
hampers  management  efforts. 

The  Louisiana  coastal  zone  has  an  annual  wetland  loss  rate  of 
approximately  25  square  miles.  Contributing  factors  are  both  natu- 
ral (sea  level  rise,  storms,  and  subsidence)  and  man-induced  (lev- 
eeing of  the  Mississippi  River,  construction  of  navigation  and 
access  canals,  etc).  Although  historical  highs  in  Louisiana  blue 
crab  landings  during  the  1980s  and  1990s  coincided  with  acceler- 
ated marsh  loss,  populations  of  estuarine-dependent  species  will 
probably  eventually  decrease  as  the  conversion  of  marsh  habitat  to 
open  water  continues  and  over-all  productivity  (Gagliano  and  Van 
Beek  1975)  and  the  critical  marsh/water  interface  (Browder  et  al. 
1989)  declines. 

Excessive  fishing  effort  as  defined  earlier  has  resulted  in  de- 
clining catch  rates  per  fisher  and  has  also  contributed  to  such  other 
issues  as  user  group  conflicts,  capture  and  harvest  of  sublegal 
crabs,  ghost  traps,  and  trap  and  crab  theft. 

Currently,  the  most  volatile  issue  is  user  group  conflicts  in 
general,  and  commercial  shrimper-crabber  conflicts  in  particular. 
Reports  of  friction  and  conflicts  between  these  two  groups  esca- 
lated during  the  late  1980s  and  1990s  as  fishing  effort  reached 
historical  highs.  Conflicts  also  occur  between  trap  fishers  and  wa- 
terfowl hunters,  recreational  fishers,  and  boat  operators. 

Possession  of  sublegal  crabs  comprised  82.8'^  of  crab  citations 
during  the  1970s  and  1980s  and  91.4Vf  during  the  1990s.  The 
capture  and  subsequent  sale  of  undersized  crabs  may  be  attributed 
to:  (1)  increased  fishing  effort;  (2)  expansion  of  fishing  areas  into 
freshwater  areas  and  shallow  marsh  ponds  where  undersized  crabs 
dominate;  (3)  adoption  of  traps  constructed  with  1.5-in  square 
mesh  wire,  which  retains  tnore  undersized  crabs  than  the  tradi- 
tional hexagonal  mesh  wire  traps;  and  (4)  reinoval  of  dealer  and 
processor  liability  for  undersized  crab  violations  because  of  a 
change  in  legislative  statutes  (Guillory  1996). 

Appendix  A.  Rules  and  rejjulations  applicahle  to  the 
blue  crab  fishery 

Gear  Restrictions 

(1)  Legal  gear — crab  trap,  crab  drop  net,  trawl  (with  legal 
shrimp  gear  during  shrimp  season),  trotline.  handline, 
bushline.  dip  net,  cast  net,  seine,  trammel  net.  or  gill  net. 

(2)  Trap  identification — a  1/2  in  stainless  steel  self-locking  tag 
containing  the  conunercial  fishermen's  license  number 
must  be  attached  to  the  center  of  the  trap  ceiling. 

(?>)  Escape  rings — two  5.87  cm  escape  rings,  with  one  located 


in  each  chamber  level  with  the  floor  or  baffle;  rings  may  be 
blocked  from  Mar  1-Jun  30  and  Sept  1-Oct  31;  fishers  in 
Lake  Pontchartrain  holding  a  crab  shedders  license  are  ex- 
empt. 

Possession  and  Size  Limits 

{ 1)  Possession  limit — none,  with  the  exception  of  a  12-dozen 

recreational  limit  on  state  refuges  and  wildlife  management 

areas 
(2)  Size  limit  (commercial) — 127  mm,  carapace  width;  a  10% 

tolerance  for  undersized  hard  crabs  (peeler  crabs  held  for 

shedding  are  exempt)  is  allowed. 

Time  Restrictions 

( 1 )  Nighttime  baiting,  tendmg,  checkuig,  or  removing  of  crab 
traps  are  prohibited. 

(2)  Unserviceable  or  unfished  crab  traps  must  be  removed 
from  the  water. 

( 3 )  Daily  and  seasonal  restrictions  apply  to  recreational  fishers 
in  refuges  and  wildlife  management  areas. 

Area  Restrictions 

( 1 )  Crab  traps  cannot  be  set  in  navigable  channels  or  entrances 
to  streams. 

(2)  No  crab  traps  allowed  north  of  the  Intracoastal  Canal  in  the 
Calcasieu  River  System,  Vermilion  Bay  from  Cypremort 
Point  one  mile  offshore  to  Blue  Point,  and  the  Tchefuncte 
River. 

(3)  Commercial  gear  (trawl,  trotline,  traps)  or  commercial  fish- 
ing is  not  allowed  on  some  wildlife  management  areas  or 
refuges. 

Other  Restrictions 

( 1 )  Harvest  of  diamondback  terrapins  by  traps  and  female 
crabs  in  the  beiTy.  or  egg,  stage  are  prohibited. 

(2)  No  unauthorized  person  may  intentionally  damage  or  de- 
stroy crab  traps,  floats  or  lines,  or  remove  the  contents 
thereof. 

(3)  Crab  boxes  must  be  identified  with  the  commercial  fisher- 
inan's  license  number,  name,  and  date  harvested. 


Licensing  and  Reporting  Requirements 

( 1 )  Recreational  license — none,  unless  using  crab  traps.  Com- 
mercial licenses — a  commercial  fisherman's  license,  a  ves- 
sel license  in  saltwater  areas,  and  appropriate  gear  license 
(crab  trap,  crab  trap/trotline.  and  trotline/bushline).  A  soft- 
shell  crab  shedder's  license  is  required  and  a  person  buy- 
ing, acquiring,  or  handling  any  crabs  for  resale  must  pur- 
chase a  wholesale/retail  dealer's  license. 

(2)  From  1996-1998.  a  fisher  purchasing  a  commercial  crab 
trap  gear  license  must  have  possessed  a  trap  license  during 
1993.  1994,  or  1995. 

(3)  Reporting — any  wholesale  or  retail  dealer,  any  commercial 
crab  fisherman  selling  to  anyone  other  than  a  resideiu 
wholesale/retail  dealer,  and  soft  crab  shedders  must  submit 
a  monthly  report. 
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ABSTRACT  A  synopsis  of  the  life  history  of  the  blue  crab  is  provided,  and  fishery-dependent  and  fishery-independent  datasets  for 
Mississippi  are  reviewed.  Fishery-dependent  data  indicate  a  significant  decline  in  reported  commercial  landings.  Although  gulfwide 
landings  have  declined,  reduced  landings  in  Mississippi  have  also  been  infiuenced  by  structural,  social,  economic,  and  regulatory 
changes  that  have  taken  place  in  the  fishery  in  the  last  few  years.  Catch  per  unit  effort  (CPUE)  for  selected  fishermen  has  decreased; 
however,  the  extent  to  which  management  regulations  that  restrict  catch  have  influenced  CPUE  is  unknown.  Lack  of  reliable  catch  and 
effort  data  from  all  segments  of  the  fishery  places  severe  limits  on  the  ability  to  evaluate  actual  status  of  the  stocks.  Implementation 
of  a  host  of  restrictive  management  regulations  has  not  resulted  in  increased  commercial  catch  as  measured  by  traditional  ineans. 
Fishery-independent  datasets  show  an  over-all  decline  in  megalopal  settlement  and  in  numbers  of  juveniles.  Temporal  periodicity  of 
megalopal  settlement  is  similar  from  year  to  year;  however,  the  magnitude  of  settlement  is  highly  variable.  Highest  settlement  occurs 
in  the  late  summer/early  fall.  Mortality  of  early  crab  stages  is  high.  As  juveniles  exceed  30.0  mm  carapace  width  (CW).  the  rate  of 
disappearance  seems  to  be  constant,  and  their  initial  abundance  may  be  a  predictor  of  relative  abundance  of  later  stage  juveniles. 
Exceptionally  high  levels  of  recruitment  do  not  necessarily  provide  for  greatly  elevated  numbers  of  juveniles:  recruitment  in  excess  of 
estuarine  carrying  capacity  is  lost. 

KEY  WORDS:     Cullinecles  sapidiis.  blue  crab,  fishery,  life  history,  settlement,  fishery-independent  monitoring 


INTRODUCTION 

The  fishery  for  blue  crabs  in  Mississippi  has  changed  dramati- 
cally in  the  past  few  years.  In  addition,  new  scientific  information 
from  fishery-independent  sampling  has  contributed  increased  un- 
derstanding of  processes  infiuencing  megalopal  settlement  and  es- 
tuarine populations  of  juveniles.  The  symposium  on  "The  Blue 
Crab  Fisheries  of  North  America"  provided  the  impetus  to  begin 
evaluation  of  these  new  data  and  provided  the  forum  to  begin 
discussion  of  the  relevance  of  these  data  to  blue  crab  management. 
In  this  report,  the  life  history  of  the  blue  crab  in  Mississippi  is 
summarized,  and  fishery-dependent  and  fishery -independent  data 
for  the  state  are  discussed. 

MANAGEMENT 

Responsibility  for  management  lies  with  a  seven-member 
Commission  on  Marine  Resources.  The  Commission  has  the  re- 
sponsibility to  manage,  control,  supervise,  and  direct  any  matters 
pertaining  to  marine  resources  not  otherwise  delegated  to  another 
agency  in  Mississippi.  Chapter  49-15  of  the  Mississippi  Code  of 
1972  (Annotated)  contains  provisions  for  the  management  of  ma- 
rine fisheries  resources. 

LIFE  HISTORY  SYNOPSIS 

Perry  (1975),  Stuck  and  Perry  (1981),  Perry  and  Stuck  (1982), 
and  Perry  et  al.  (1995)  defined  life  history  characteristics  of  blue 
crabs  in  Mississippi  waters.  Data  from  these  studies  are  used  in  the 
following  summary. 

.Mating  and  spawning  usually  occur  from  March  through  No- 
vember. Females  that  mature  and  mate  in  the  spring  and  summer 
normally  spawn  within  2  months,  but  those  that  mate  in  the  fall 
may  not  spawn  until  the  following  spring.  Peak  spawning  occurs  in 
the  late  sunimer/earh  fall.  Females  with  late  stage  eggs  are  pre- 
dominant in  the  lower  Mississippi  Sound.  Only  the  first  and  second 


zoeal  stages  are  found  in  coastal  waters.  Development  through  the 
late  zoeal  stages  (III  through  VII)  takes  place  offshore.  Little  is 
known  of  the  distribution  of  zoeae  in  offshore  waters.  Recruitment 
of  larvae  back  into  coastal  waters  occurs  during  the  megalopal 
stage.  Temporal  patterns  of  zoeal  and  megalopal  occurrence  in 
plankton  samples  follow  seasonality  of  spawning.  Megalopal 
settlement  and  molt  to  the  first  crab  stage  takes  place  in  nearshore 
waters  within  Mississippi  Sound.  Temporal  periodicity  of  major 
settlement  events  is  similar  from  year  to  year:  however,  the  mag- 
nitude of  megalopal  settlement  is  highly  variable.  Highest  settle- 
ment occurs  in  the  late  summer/eariy  fall.  Although  megalopae 
have  been  collected  in  plankton  samples  in  barrier  island  passes  in 
large  numbers  during  spring  months,  there  is  a  noticeable  lack  of 
settlement  in  April,  May,  and  June.  A  variety  of  meteorological 
and  hydrological  parameters  has  been  related  to  peak  settlement 
events,  but  spring  tides  coupled  with  onshore  winds  were  associ- 
ated with  the  majority  of  settlement  episodes. 

First  and  early  crab  stages  are  widely  distributed  in  Mississippi 
waters.  Abundance  of  juveniles  is  highest  in  coastal  bays  and  in  the 
sound  proper,  north  of  the  Intracoastal  Waterway.  Productive  areas 
for  small  crabs  include  coastal  marsh  habitats,  soft  mud  bottoms  of 
adjacent  mainland  beaches,  and  navigational  channels.  Greatest 
catches  of  juveniles  under  40.0  mm  carapace  width  (CW)  occur  in 
the  late  fall/early  winter. 

There  are  two  major  movements  of  blue  crabs  into  Mississippi 
Sound,  the  first  in  the  late  fall  and  the  second  during  the  summer. 
The  fall  migration  is  associated  with  the  movement  of  gravid  fe- 
male crabs  from  lakes  Pontchartrain  and  Borgne  into  western  Mis- 
sissippi Sound  with  the  advent  of  cold  weather.  The  winter  crab 
fishery  in  Mississippi  is  dependent  upon  this  annual,  seasonal  mi- 
gration of  female  crabs  from  areas  of  low  salinity  in  Louisiana  to 
waters  of  high  salinity  near  Cat  Island  and  Pass  Marianne  in  Mis- 
sissippi Sound.  The  migratory  history  of  the  summer  " 'school"  or 
"Gulf  crabs  is  unknown.  These  crabs  are  mature  females  that 
have  had  one  or  more  sponges,  are  fouled  with  epizoans  and  heav- 
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ily  parasitized.  There  is  little  movement  of  crabs  between  the 
estuaries  that  adjoin  Mississippi  Sound  in  the  spring  and  summer. 
Adult  blue  crabs  seem  to  move  randomly  within  estuarine  systems 
with  no  discemable  migratory  pattern. 

STATUS  AND  TRENDS 

Fishery-Independent  Data 

Fishery-independent  sampling  programs  are  ongoing  for  mega- 
lopal  and  juvenile  blue  crabs.  Megalopal  settlement  is  measured 
using  stationary,  artificial  collectors  as  described  in  Metcalf  et  al. 
(1995).  Sampling  protocol  for  Mississippi  is  described  in  Perry  et 
al.  (1995).  Sampling  for  megalopae  began  in  1991  and  continues 
to  date.  Collectors  are  checked  daily  from  May  through  November 
of  each  year.  Juvenile  abundance  is  monitored  monthly  with  a 
variety  of  gear  types.  Early  crab  stages  are  collected  in  beam 
plankton  trawls  (beam  trawl)  and  50  foot  bag  seines.  Si.xteen-foot 
otter  trawls  are  used  to  sample  large  juveniles.  Fishery- 
independent  data  have  been  collected  since  1974.  Megalopal 
settlement  data  are  summari/xd  for  the  years  1991  through  1995. 
Juvenile  abundance  data  are  summarized  for  the  years  1974 
through  1995. 

Detailed  statistical  analysis  of  megalopal  settlement  data  has 
been  completed  for  1991  and  1992.  Little  or  no  relationship  was 
found  between  settlement  events  and  temperature,  salinity, 
predicted  astronomical  tide,  lunar  period,  or  average  daily 
wind  direction  and  speed  for  those  years  (Perry  et  al.  1995).  Quali- 
tative examination  of  meteorologic  and  hydrologic  parameters  sur- 
rounding peak  settlement  events  showed  that  settlement  occurred 
under  a  variety  of  conditions;  however,  spring  tides  coupled  with 
onshore  winds  were  associated  with  the  majority  of  settlement 
episodes. 


Temporal  settlement  patterns  from  May  through  November  for 
the  years  1991  through  1995  are  shown  in  Figures  1  through  5. 
Although  differences  in  numbers  of  megalopae  collected  were  evi- 
dent over  the  5-year  period,  temporal  periodicity  of  settlement 
patterns  was  similar.  Peak  settleinent  occuired  in  the  late  summer/ 
early  fall  of  each  year.  Highest  total  catch  of  megalopae  occurred 
in  1991  (146,080)  as  did  the  highest  average  daily  number  of 
megalopae  per  collector  (7,676).  Settlement  in  subsequent  years 
was  much  reduced  and  did  not  exceed  28,870  megalopae.  Trends 
in  catch  of  early  juveniles  generally  followed  trends  in  megalopal 
settlement.  The  high  catches  of  megalopae  in  the  late  summer  and 
fall  of  1991  were  followed  by  elevated  catches  of  crabs  under  10.0 
mm  CW  in  beam  trawls  and  seines  in  the  winter  of  1992  (Fig.  6). 
As  with  megalopae,  catches  of  small  juveniles  were  reduced  in  the 
years  following  1992. 

Time  series  data  from  the  fishery-independent  monitoring  and 
assessment  program  (FMA)  are  in  the  process  of  detailed  analysis. 
Available  data  are  summarized  for  this  report.  Size-frequency  his- 
tograms for  blue  crabs  by  gear  type  are  shown  in  Figures  7  through 

9.  Juvenile  crabs  under  20.0  mm  CW  dominated  beam  trawl  and 
seine  samples.  Recruitment  to  the  16-foot  trawl  occurred  at  sizes 
under  10.0  mm  CW;  however,  the  majority  of  individuals  were 
above  20.0  mm  CW. 

Annual  variations  in  recruitment  of  small  crabs  to  the  juvenile 
population  and  in  the  total  number  of  crabs  collected  were  evident. 
Yearly  catch  of  juveniles  under  10.0  mm  CW  is  shown  in  Figure 

10.  High  catches  of  small  crabs  occurred  in  the  1970s.  Numbers  of 
early  juveniles  in  samples  in  the  early  and  mid-1980s  were  much 
reduced.  Catch  began  to  rise  again  in  the  late  1980s.  These  same 
general  trends  were  observed  in  catches  of  larger  juveniles  in 
16-foot  trawls  (Fig.  1  I).  Catch  data  for  the  22-year  period  were 
grouped  into  10.0  mm  CW  size  groups.  Of  the  24,690  crabs  col- 
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Figure  1.  Daily  average  catch  of  l)lue  cral)  megalopae  per  collector,  May  lo  November  1991. 
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Figure  2.  Daily  average  catch  of  blue  crab  megalopae  per  collector,  May  to  November  1992. 


lected  from  1974  through  1995.  juveniles  under  20.0  mm  CW 
comprised  over  SSVc  of  the  total  catch.  The  number  of  crabs  in 
each  size  interval  was  calculated  for  the  period  of  low  juvenile 
abundance  ( 1982  through  1987)  and  was  compared  to  similar  data 
for  the  years  of  higher  abundance  preceding  (1974  through  1981 1 
and  following  (1988  through  1995)  this  period  (Fig.  12).  Acknowl- 


edging the  problems  inherent  in  the  use  of  multiple  gear  types  to 
formulate  the  size  frequency  distributions  and  the  possibility  of 
dispersal  of  later  stage  juveniles,  the  decrease  in  numbers  of  indi- 
viduals with  increasing  size  may  represent  an  index  of  mortality. 
These  data  suggest  that  the  mortality  of  early  crab  stages  (3.0  to 
29.9  mm  CW)  is  extremelv  hiah  (daily  mortalitv  rates  of  80%  were 
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Figure  3.  Daily  average  catch  of  blue  crab  megalopae  per  collector.  May  to  November  1993. 
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Figure  4.  Daily  average  catch  of  blue  crab  megalupae  per  collector.  May  to  November  1994. 


noted  for  early  juvenile  crahs  in  Alabama  |Heck  and  Coen  19951). 
As  crabs  approach  30.0  mm  CW,  the  rate  of  disappearance  begins 
to  level  off  but  continues  to  decrease  gradually.  For  crabs  30.0  mm 
CW  and  larger  (primarily  16-foot  trawl  data),  the  rate  of  decrease 
was  not  significantly  different  among  the  three  groups  of  pooled 
data  (Fig.  13),  suggesting  that  they  are  declining  at  an  equal  rate 


relative  to  initial  abundance  of  early  juveniles  in  any  given  time 
period.  Therefore,  indices  of  abundance  of  early  crab  stages  in 
seine  and  beam  trawl  samples  may  predict  relative  abundance  of 
later  stage  juveniles  in  16-foot  trawl  samples.  Estuarine  survivor- 
ship of  juveniles,  not  initial  recruitment,  is  probably  more  influ- 
ential in  determinina  vearclass  strength. 
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Figure  5.  Daily  average  catch  of  blue  crab  megalopae  per  collector.  May  to  November  1995. 
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Figure  6.  Montlily  average  daily  catch  of  blue  crab  megalopae  compared  with  monthly  ayerage  catch  of  blue  crabs  under  10.0  mm  CW,  June 
1991  to  No\  ember  1995. 
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Figure  9.  Size-frequency  of  juvenile  blue  crabs  in  16-font  trawls. 

Fishery-Dependent  Data 

Landings  and  value  for  hard  crabs  in  Mississippi  are  listed  in 
Table  I.  With  the  exception  of  the  post-World  War  II  period  when 
over  5  million  pounds  of  blue  crabs  were  recorded,  landings  in 
Mississippi  have  generally  fluctuated  between  one  and  two  million 
pounds.  Prior  to  1988,  the  fishery  could  be  characterized  as  rela- 
tively stable  with  average  landings  of  1,354.000  pounds  for  the 
25-year  period,  1963  to  1987.  Reported  catch  declined  dramati- 
cally in  1988  and  has  continued  to  decrease  (Fig.  14).  The  average 
number  of  pounds  landed  for  the  5-year  period  1990  to  1994  fell 
to  337,600  with  the  result  that  percentage  contribution  of  Missis- 
sippi landings  to  total  gulf  production  dropped  to  less  than  1%. 
Although  landings  gulfwide  declined  37%  from  1987  to  1994, 
reported  catch  in  Mississippi  decreased  87%  for  the  same  period. 
Reported  decreases  in  Mississippi  blue  crab  landings  are  not  nec- 
essarily indicative  of  major  declines  in  stock  abundance.  Reduced 
landings  also  reflect  structural,  social,  economic,  and  regulatory 
changes  that  have  taken  place  in  the  fishery  in  the  last  few  years. 
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Figure  10.  Number  of  blue  crabs  under  10.0  nun  (  W  caught  in  beam 
trawls  and  seines,  1974  to  1995. 
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Figure  II.  Number  of  blue  crabs  (20.0  to  119.9  mm  CVV)  caught  in 
16-foot  trawls,  1974  to  1995. 

The  economic  interdependency  of  the  crab  fishery  with  the 
oyster  and  shrimp  fisheries,  changes  in  the  ethnic  composition  of 
fishery  participants,  increased  shipment  of  crabs  to  neighboring 
states  for  processing,  geographic  distribution  of  local  stocks,  and 
restrictive  harvest  regulations  all  operate  to  affect  raw  product 
availability  in  the  state.  Perkins  ( 1979)  noted  that  there  was  a  lack 
of  consistent  supply  of  raw  product  to  processing  facilities  in  Mis- 
sissippi and  that  this  inconsistency  hampered  industrial  expansion 
and  development.  The  lack  of  consistent  supply  of  raw  product  has 
led  to  industrial  closures  and  diminished  local  processing  capacity. 


E 


2    - 


1 

1 

1     '     ' 

1     '     '     '     1     '     '     '     1 

- 

) 

-^     1974-81 

\ 

-+-     1982-87 

_ 

\ 

*-     1988-95 

-t;              1 

- 

*    \ 

- 

1 

+                             ^ 

■■*. 
-  +  - 

1 

-'?- 

1     ,     , 

1 

20 


40 


60 


80 


100 


120 


Carapace  width  (mm) 

Figure  12,  Number  of  blue  crabs  by   10  mm  CVV  size  intervals  for 
selected  vears. 
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T.\BLE  1. 
Landings  and  value  for  hard  blue  crabs,  Mississippi. 


Year 


Quantity" 


Xalue" 


Year 


Quantity 


Value 


1945 

5,639 

282 

1971 

1,259 

126 

1946 

ND 

ND 

1972 

1,362 

169 

1947 

ND 

ND 

1973 

1,814 

231 

1948 

5.50? 

275 

1974 

1,667 

227 

1949 

4.163 

208 

1975 

1.137 

177 

1950 

4.040 

202 

1976 

1.334 

268 

1951 

1.623 

82 

1977 

1.919 

473 

1952 

1.726 

86 

1978 

1.940 

422 

1953 

1.412 

71 

1979 

1.313 

316 

1954 

1.256 

68 

1980 

2,760 

693 

1955 

1.763 

88 

1981 

1,867 

519 

1956 

1.979 

99 

1982 

1,297 

348 

1957 

2.400 

144 

1983 

1,140 

332 

1958 

2.124 

123 

1984 

2.250 

640 

1959 

3.003 

165 

1985 

1.649 

538 

1960 

2.812 

169 

1986 

1,303 

470 

1961 

2.505 

143 

1987 

1.374 

480 

1962 

907 

55 

1988 

863 

327 

1963 

1.112 

64 

1989 

651 

287 

1964 

1.286 

82 

1990 

390 

169 

1965 

1.692 

131 

1991 

454 

160 

1966 

1.457 

105 

1992 

443 

207 

1967 

1.015 

79 

1993 

2.W 

119 

1968 

1.136 

108 

1994 

171 

89 

1969 

1.740 

177 

1995 

321 

235 

1970 

2.027 

193 

1996 

409 

268 

'  Thousands  of  pounds. 

''  Thousands  of  dollars. 

ND-Data 

not  available. 
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Figure  14.  Mississippi  blue  crab  landings,  1969  to  1995. 

The  interdependency  of  the  crab  fishery  with  the  oyster  fishery 
is  reflected  in  decreased  seasonal  fishing  effort  in  the  colder 
tnonths.  Many  blue  crah  fishermen  cease  fishing  during  this  period 
or  iTiove  into  the  nearshore  oyster  fishery.  Distance  to  the  winter 
fishing  grounds,  restricted  fishing  area,  and  vessel  size  all  tend  to 
limit  fishing  effort  in  the  fall  and  winter.  A  good  shrimp  season 
may  also  lower  effort  in  the  crab  fishery. 

Changes  in  the  ethnic  composition  of  the  fishery  have  had  a 
profound  affect  on  harvesting  and  processing  activities.  The  entry 
of  Southeast  Asians  into  the  harvesting  sector  of  the  fishery  altered 
long-standing  fishing  patterns  with  the  result  that  "following"  the 
traditional  seasonal  movements  of  crabs  through  Mississippi  wa- 
ters has  become  less  predictable.  With  the  movement  of  Southeast 
Asians  into  the  fishery,  there  has  been  an  increase  in  "cottage 
type"  picking  operations  that  has  contributed  to  the  closure  of 
several  large  plants,  thus  diminishing  local  processing  capacity. 
Higher  ex-vessel  prices  paid  to  fishermen  by  neighboring  states 
has  resulted  in  increased  numbers  of  crabs  being  landed  out  of 
state.  Alabama  has  become  a  major  processing  center  for  blue 
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Figure  15.  Blue  crab  catch  per  unit  effort  for  selected  fishermen,  1988 
to  1991. 
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Figure  16.  Blue  crab  llshing  effort  for  selected  fishermen.  1988  to 
1991. 


crabs  in  the  northern  Gulf  of  Mexico,  and  a  substantial  portion  of 
the  catch  taken  from  Mississippi  waters  is  trucked  to  picking  fa- 
cilities in  Bayou  LaBatre  and  Coden. 

Supply  is  also  affected  by  restrictive  management  measures 
that  limit  catch.  Coastal  bays  were  closed  to  crab  fishing  and  a  total 
ban  was  placed  on  the  taking  of  ovigerous  (berried)  females.  Prior 
to  the  total  ban.  berried  females  were  protected  during  the  spring 
of  the  year,  and  they  were  protected  year-round  in  a  sanctuary 
established  in  waters  south  of  the  Intracoastal  Waterway.  Fishing 
effort,  CPUE,  and  landings  in  Mississippi  have  been  affected  by 
this  closure  and  ban. 

Interpretation  of  National  Marine  Fisheries  Service  (NMFS) 
harvesting  sector  statistics  in  Mississippi  is  complicated  by  the 
lack  of  reliable  information  on  fishing  effort  and  catch.  A  harvest- 
ing sector  survey  of  fishermen  conducted  by  the  Gulf  Coast  Re- 
search Laboratory  (GCRL)  from  1988  through  1991  illustrates  the 
magnitude  of  the  problem.  During  this  period,  visits  were  made  to 
local  processing  plants  to  interview  fishermen  and  to  collect  in- 
formation necessary  to  determine  catch  per  unit  effort  (CPUE  = 
pounds  per  trap  day).  This  information  included  number  of  traps 
fished,  length  of  lime  the  traps  were  fished,  and  amount  of  land- 
ings for  cooperating  fishermen. 

Survey  data  indicated  that  fishermen  moved  in  and  out  of  the 
fishery  and  that  there  was  little  continuity  from  year  to  year.  Per- 
centage of  total  landings  surveyed  each  year  was  highly  variable. 
The  number  of  pounds  from  surveyed  fishermen  in  April  1989  and 
March  1990  exceeded  total  reported  commercial  landings  for  those 
months,  underscoring  the  problem  with  catch  statistics.  Official 
reported  landings  (NMFS)  in  April  1989  represented  61%  of  the 
amount  reported  in  the  GCRL  harvesting  survey.  Additionally,  a 
few  fishermen  seemed  to  account  for  more  than  half  of  the  re- 
ported landings  in  1989  and  1990  and  a  substantial  portion  ol  the 
catch  in  1991.  Under-reporting  of  catch  and  movement  of  crabs 


through  channels  not  surveyed  by  statistical  reporting  agents  is  a 
serious  problem  that  needs  addressing. 

Reported  commercial  landings  (NMFS),  fishing  effort  (GCRL 
survey  data),  and  CPUE  (GCRL  survey  data)  were  generally  high- 
est in  the  summer  months.  Catch  per  unit  of  effort  for  selected 
fishermen  showed  similar  trends  in  all  four  years;  rising  through 
the  spring,  peaking  in  the  summer,  declining  in  the  late  summer 
and  early  fall,  and  rising  again  in  the  late  fall  with  the  migration  of 
crabs  into  western  Mississippi  Sound  (Fig.  15).  Highest  CPUE  for 
all  fishermen  occurred  during  the  summer  months.  Number  of 
pounds/trap/day  was  highest  in  1991.  and  highest  monthly  CPUE 
(4.12  pounds/trap/day)  for  the  survey  period  occurred  in  July  of 
that  year.  Comparing  CPUE  data  from  the  fishery  in  the  early 
1970s  (Perry  1975)  with  current  data,  there  has  been  an  over-all 
decrease  in  the  pounds  caught  per  Irap/day.  Values  for  CPUE  did 
not  exceed  4.12  pounds/trap/day  in  the  current  survey  as  opposed 
to  a  high  of  7.2  pounds/trap/day  in  197.^.  To  what  extent  catch 
limits  iinposed  on  fishermen  by  processors  and  management  regu- 
lations that  limit  eligible  catch  have  influenced  CPUE  is  unknown. 

Fishing  effort  among  surveyed  fishermen  was  highly  variable. 
and  numbers  of  traps  fished  by  surveyed  fishermen  ranged  from  90 
to  400.  As  with  CPUE,  fishing  effort  peaked  in  the  summer  and 
usually  decreased  through  the  fall  and  winter  (Fig.  16).  Fishing 
effort  was  highest  in  1989;  however.  CPUE  did  not  exceed  2.1 
pounds/trap/day.  High  CPUE  values  in  1991  were  associated  with 
low  effort  among  surveyed  fishermen. 

It  is  evident  that  significant  changes  have  occurred  in  the  fish- 
ery in  Mississippi  and  the  dramatic  decrease  in  landings  may,  in 
part,  reflect  socioeconomic  and  regulatory  variables  operating  in 
the  fishery  in  recent  years.  Because  there  has  been  a  corresponding 
decrease  in  gulf  landings  during  this  time  period,  changes  in  stock 
abundance  and/or  economic  variables  that  operate  to  affect  the 
fishery  gulfwide  may  factor  into  the  decline  in  catch  but  cannot 
account  totally  for  the  decrease  in  Mississippi  landings.  In  Mis- 
sissippi, as  in  other  gulf  states,  lack  of  reliable  catch  and  effort  data 
from  all  segments  of  the  fishery  places  severe  limits  on  the  ability 
to  discern  whether  or  not  reported  landings  are  reflective  of 
changes  in  the  status  of  the  stocks.  Management  of  the  fishery  in 
Mississippi  has  been  "reactive."  As  stocks  are  perceived  to  de- 
crease in  abundance,  management  measures  have  become  in- 
creasingly restrictive.  Implementation  of  a  host  of  conserva- 
tive management  strategies  has  not  resulted  in  increased  catch  as 
measured  by  traditional  means.  A  comprehensive  management 
strategy  based  on  scientific  data  in  consideration  of  the  socieco- 
nomic  variables  that  operate  in  the  fishery  should  be  developed  for 
the  state.  Within  that  plan,  a  framework  for  addressing  issues 
relative  to  the  fishery  on  a  timely  basis  should  be  developed,  and 
a  mechanism  for  evaluation  of  past  and  present  management  regu- 
lations should  be  implemented.  Analyses  of  fishery-independent 
datasets  suggest  that  environmental  processes  that  affect  megalo- 
pal  recruitment  and  subsequent  settlement  in  the  estuary  and  the 
estuarine  survivorship  of  early  crab  stages  and  juveniles  are  the 
important  determinants  of  yearclass  strength.  Maintaining  the  car- 
rying capacitN  of  estuarine  waters  is  critical  to  the  long-term  sta- 
bility Kf  the  lisherv. 


LITERATURE  CITED 


Heck.  K.  1...  Jr.  &  t.,  1),  Ccien.  1995.  Pivdalioii  and  llie  .ihundaiicc  of 
juvenile  blue  crahs:  a  comparison  ol  selected  hast  and  Gult  Coast 
((J.SA)  studies.  Bull.  Mm:  Sci.  37:X77-88.^. 


Mctcall,  K.  .S.,  .1.  van  Monllrans.  R.  N..  Lipcius  &  R.  J.  Oilh.  1495.  .Settlement 
indices  lor  blue  crab  niegalopae  in  the  York  River.  Virginia:  temporal 
relationships  and  statistical  etTiciency.  Bull.  Mar.  Sci.  57:781-792. 


Mississippi  Blue-  Crab  Fishiky  433 

Perkins.  G.  B.  1979.  Economic  value  of  the  seafood  processing  industry  in  Gulf  Stales  Marine  Fisheries  Commission.  Puhl.  No.  7.  Ocean  Springs. 

Mississippi.   1978.  Food  and  Fiber  Center.  Mississippi  Cooperative  Mississippi. 

Extension  Service.  Mississippi  State  University.  29  pp.  Perry.  H.  M..  C.  K.  Eleuterius.  C.  B.  Trigg,  &  J.  R.  Warren.  1995.  Setlle- 
Perry.  H.  M.  1975.  The  blue  crab  fishery  in  Mississippi.  Gulf  Res.  /Jc/jk.  ment  patterns  of  CaUinecres  sapidus  megalopae  in  Mississippi  Sound: 

5:39-57.  1991,  1992.  Bull.  Mar.  Sci.  57:821-833. 

Perry.  H.  M.  &  K.  C.  Stuck.   1982.  The  life  history  of  the  blue  crab  in  Stuck.  K.  C.  &  H.  M.  Perry.   1981.  Observalions  on  the  distribution  and 

Mississippi  with  notes  on  larval  distribution,  pp.  17-22.  tn  H.  M.  Perry  seasonality  of  portunid  megalopae  in  Mississippi  coastal  waters.  Gulf 

and  W.  .4.  Van  Engel  (eds.l.  Proceedings  of  the  Blue  Crab  Colloquium.  Res.  Re/n.^.  7:93-95. 


Journal  of  Shellfish  Kcscanh.  Vol,  17.  No.  2,435-434.  I99S. 

THE  ALABAMA  BLUE  CRAB  FISHERY:  HISTORICAL  TRENDS,  STATUS,  MANAGEMENT, 
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ABSTRACT  The  blue  crab  fishery  ranks  third  in  ex-vessel  vakie  of  Ihe  fisheries  in  Alabama.  The  fishery  is  becoming  more  nuporlant 
in  Alabama  because  of  increasing  value  of  lis  associated  products  and  increased  user  conflict.  A  short  overview  of  the  history  and  status 
of  the  fishery  is  discussed  along  with  trends  in  abundance  and  harvest.  Problems  with  the  fishery  are  reviewed  with  a  brief  discussion 
of  approaches  being  used  to  address  problems.  Finally,  management  recommendations  are  suggested  to  improve  the  fishery  and  reduce 
future  conflict. 


KEY  WORDS:     Blue  crab  fishery.  Alabama.  Calliiwcrus  MipiJas 

INTRODUCTION 

The  blue  crab  fishery  ranks  third  in  ex-vessel  value  of  the 
fisheries  of  Alabama.  Though  Alabama  lands  only  4  to  89^  of  the 
total  gulf  landings  (Table  1 ).  Alabama  plays  a  major  role  in  pro- 


TABLE  1. 

Percentage  contribution  by  state  to  total  (Julf  of  .Mexico  blue  crab 

(hard  crabi  landings  and  percentage  contribution  of  tiulf  of  Mexico 

to  total  L.,S.  blue  crab  (hard  crab)  landings,  1960-1992. 


Florida 

Gulf  of 

Year 

West  Coast 

AL 

MS 

LA 

TX 

Mexico 

1960 

.S.V.5 

1.4 

S.l 

28.8 

8.2 

23.3 

1961 

48.6 

2.4 

7.1 

33.8 

8.2 

23.9 

1962 

40.0 

2.4 

3.5 

36.8 

17.3 

17.3 

1963 

49.6 

4,9 

4.2 

30.1 

11.2 

18.7 

1964 

55.6 

7.0 

5.1 

22.5 

9.8 

16.6 

1965 

55.7 

4.y 

4.6 

25.1 

9.8 

11    "> 

1966 

53.5 

7.1 

4.7 

25.8 

y.o 

18.6 

1967 

50.8 

8.5 

3.7 

27.5 

9.5 

19.0 

1968 

35.0 

7.7 

4.4 

37.1 

15.9 

22.7 

1969 

34.9 

5.8 

5.2 

35.0 

19.1 

25.1 

1970 

43.5 

4.1 

6.0 

30.2 

16.3 

23.4 

1971 

36.6 

6.0 

3.8 

36.3 

17,3 

22.5 

1972 

30.3 

4.6 

3.9 

42.9 

18.4 

23.9 

1973 

22.1 

4.8 

4.2 

53.1 

15.8 

31.8 

1974 

25.1 

4.5 

4.1 

51.1 

15.1 

27.1 

1975 

33.1 

4.2 

2.9 

44.3 

15.5 

28.7 

1976 

33.0 

3.6 

3.6 

41.6 

18.2 

31.7 

1977 

35.7 

4.9 

4.3 

36.4 

18.6 

34.5 

1978 

30.6 

5.3 

5.1 

39.5 

19.6 

27.6 

1979 

25.7 

3.1 

3.0 

49.0 

19.1 

28.5 

1980 

26.4 

3.6 

6.5 

42.6 

21.0 

26.2 

1981 

35.0 

5.8 

4.4 

38.4 

16.4 

21.7 

1982 

24.2 

3.4 

3.5 

47.1 

21.8 

18.8 

1983 

23.1 

3.5 

2.8 

48.6 

21.9 

21.0 

1984 

23.0 

7.5 

4.0 

52.7 

12.9 

27.9 

1985 

22.0 

4.1 

3.0 

53.5 

17.4 

29.3 

1986 

14.4 

5.5 

2.5 

59.7 

17.9 

31.0 

1987 

13.3 

3.2 

1.8 

66.8 

14.9 

38.9 

1988 

13.1 

4.9 

1.1 

67.7 

13.2 

36.2 

1989 

14.7 

7.4 

1.2 

60.2 

16.5 

26.8 

1990 

11.8 

5.7 

0.7 

67.1 

14.7 

28.9 

1991 

7.6 

4.2 

0.7 

78.2 

9.3 

29.5 

1992 

11.3 

5.1 

0.6 

74.2 

S.8 

.36.2 

TABLE  2. 

Alabama's  blue  crab  catch  (thousands  of  pounds)  by  gear, 
1948-1986. 


Year 


1948 
1949 
!950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 


Trawls" 


32 
61 
42 
47 


1 
(1) 

118 

36 

9 

10 

46 

103 
2 

441 
87 

120 
93 
49 
18 
23 
1 

146 

138 

122 
29 
76 

488 
81 
Id 


Traps 


Trotlines 


31 

22 

190 

394 

120 

420 

386 

360 

255 

241 

140 

420 

631 

1.293 

1 .585 

1,760 

2.165 

2.343 

1.933 

1.817 

1 .405 

1,556 

1,525 

1.979 

1.732 

1.591 

1,260 

2.151 

2,008 

1,195 

1,419 

2,341 

1.237 

1 .336 

3.729 

2.180 

2.,S7() 


2.373 

2,128 
535 

1,027 
423 
647 
852 

1.193 
339 

1.102 
927 
852 
359 
418 
2 

4 
59 
16 


Misc.  Gear 


21" 
(1)" 


(1)" 

(1)" 

(1)" 


( 1 )  Under  500  pounds. 

■*  Trawls,  miscellaneous  types. 

'"  Gill,  trammel  nets,  other. 


4"^^ 
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cessing  crabs  from  ihe  overall  Gulf  of  Mexico  harvest.  The  status 
of  the  blue  crab  fishery  is  becoming  more  and  more  important  as 
time  passes  because  of  the  increasing  value  of  its  associated  prod- 
ucts and  an  increase  in  user  conflicts.  Conflicting  interests  are 
demanding  that  the  fishery  be  examined  and  that  solutions  be 
developed  to  resolve  conflicts.  Personnel  from  the  Alabama  De- 
partment of  Conservation  and  Natural  Resources,  Marine  Re- 
sources Division  (AMRD)  have  been  meeting  with  various  recre- 
ational boaters,  property  owners,  shrimpers,  and  crab  fishers  to 
encourage  them  to  participate  in  comanagement  of  the  fishery  and 
to  propose  possible  solutions. 

The  Marine  Resources  Division  has  two  projects  that  gather 
data  on  the  blue  crab  fishery;  the  State/Federal  Cooperative  Sta- 
tistics Project  and  a  fishery-independent  assessment  and  monitor- 
ing program.  Personnel  assist  the  National  Marine  Fisheries  Ser- 
vice (NMFS)  port  agents  in  collecting  commercial  fishery- 
dependent  data  (i.e.,  landings).  The  other  project  is  the  assessment 
and  monitoring  program  that  collects  fishery  data  independent  of 


the  fishermen.  These  data  taken  together  afford  an  indication  of 
trends  within  the  fishery. 


COMMERCIAL  FISHERIES 


Hard  Crab 


Historically,  trotlines  were  the  primary  gear  used  to  harvest 
blue  crabs,  CaUinectes  sapidus  Rathbun.  in  Alabama  before  I960. 
The  crab  trap  was  introduced  in  I960,  and  since  1962,  trap  harvest 
has  exceeded  all  other  harvest  methods  (Table  2).  Blue  crabs  are 
harvested  as  incidental  catch  in  otter  trawls,  and  trawl-caught  crabs 
are  a  small  percentage  of  Alabama's  commercial  crab  harvest.  This 
portion  of  the  commercial  harvest  has  never  exceeded  229^.  and  in 
recent  years,  trawl-caught  crabs  have  provided  approximately  6% 
of  the  over-all  harvest  (Tatum  et  al.  1995). 

Sales  of  Alabama  commercial  crab  licenses  indicate  that  the 
number  of  crab  trap  fishermen  has  steadily  increased  since  1970 
(Table  3).  The  number  peaked  in  1989  at  221,  and  the  number  had 


TABLE  3. 
Trap  harvest  data  for  Alabama  blue  crab  industry  1969-1994. 


Harvest 

Value 

# 

# 

(10") 

(10') 

Fishers 

Traps 

Traps/ 

Catch/ 

Income/ 

Catch/ 

Income/ 

Year 

Pounds 

$/Lb. 

$ 

N 

S 

Fishers  (nl 

Fishers  (n) 

Fishers  (n) 

Trap 

Trap 

1969 

1,817 

.12 

218 

85 

13.490 

159 

21.376 

2.565 

135 

16.16 

1970 

1,405 

.10 

141 

94 

14.100 

150 

14.947 

1.500 

100 

10.00 

1971 

1,556 

.11 

171 

88 

14.425 

164 

17.682 

1,943 

108 

11.85 

1972 

1,525 

.12 

183 

106 

16.240 

153 

14.387 

1,726 

94 

11.27 

1973 

1,979 

.14 

277 

95 

13.935 

147 

20.832 

2,916 

142 

19.88 

1974 

1,732 

.16 

277 

85 

13.400 

158 

20.376 

3.259 

129 

20.67 

1975 

1,591 

.17 

270 

75 

13,000 

173 

21.213 

3.600 

122 

20.77 

1971-75 

1,677 

.14 

235 

90 

14,200 

158 

18,670 

2.611 

118 

16.55 

Average 

1976 

1,260 

.22 

277 

65 

10,650 

164 

19,385 

4,262 

118 

26.01 

1977 

2,151 

.25 

538 

78 

12.600 

162 

27.577 

6.897 

171 

42.70 

1978 

2,008 

.23 

462 

108 

14.200 

131 

1 8.593 

4.278 

141 

32.54 

1979 

1.195 

.30 

359 

98 

12.,^(K) 

126 

12.194 

3.663 

97 

29.19 

1980 

1.419 

.30 

426 

135 

22,350 

166 

1 0.5 1  1 

3.156 

63 

19.06 

1976-80 

1,607 

.26 

418 

97 

14.420 

149 

16.597 

4.309 

111 

28.99 

Average 

1981 

2,341 

.35 

819 

127 

32.660 

257 

1 8.433 

6.449 

72 

25.08 

1982 

1,237 

.39 

482 

93 

31,500 

339 

13.301 

5,183 

39 

1 5.30 

1983 

1,336 

.36 

481 

107 

24.000 

224 

12.486 

4.495 

56 

20.04 

1984 

3,729 

.33 

1,231 

133 

41.700 

314 

28,038 

9.256 

89 

29.52 

1985 

2,180 

.37 

807 

131 

39,800 

304 

16,641 

6,160 

55 

23.78 

1981-85 

2,165 

.36 

779 

118 

33,932 

287 

18.313 

6.602 

64 

22.96 

Average 

1986 

2,870 

.33 

450 

137 

40.500 

296 

20.949 

6.871 

71 

23.46 

1987 

2,496 

.40 

1,005 

170 

47.090 

277 

14.669 

5.868 

53 

21.20 

1988 

3,869 

.40 

1,551 

215 

54,825 

255 

17,995 

7,198 

71 

28.40 

1989 

4,090 

.42 

1,735 

221 

55,913 

253 

18,507 

7.773 

73 

30.66 

1990 

3,303 

.38 

1,265 

178 

48,772 

274 

18.556 

7.051 

68 

25.84 

1986-90 

3.326 

.39 

1,301 

184 

49.420 

271 

18.135 

6.952 

67 

25.87 

Average 

1991 

2.731 

.35 

942 

193 

47.478 

24(1 

14.150 

4.953 

58 

20.30 

1992 

3,550 

.41 

1.465 

175 

44,800 

256 

20.286 

8,371 

79 

32.39 

1993 

2,554 

.46 

1.186 

140 

35,000 

250 

18.243 

8,471 

73 

33.58 

1994 

2,744 

.55 

1.518 

115 

ND 

1995 

2,520 

.68 

1.712 

1,50 

ND 
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TABLE  4. 

Historical  harcl-shtll  hhu'  crab  landings  (thousands  of  pounds)  and 
\aluc  (thousands  ol  dollars)  ISSO-IWi. 


TABLE  4. 
continued 


Year 


Quantity 


Value 


Year 


1880 
1887 
1888 
1889 
1890 
1891 
1892 
1895 
1897 
1898 
1899 
1901 
1902 
1904 
1905 
1908 
1915 
1918 
1919 
1920 
1921 
1922 
1923 
1924 
1925 
1926 
1927 
1928 
1929 
1930 
1931 
1932 
1933 
1934 
1935 
1936 
1937 
1938 
1939 
1940 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 


Quantity 


Value 


NS 
(1) 
96 
NS 
NS 
(1) 
(1) 
(I) 
24 
(1) 
(1) 
(1) 
75 

(1) 
(1) 
246 

(1) 
96 

(1) 
1 

(1) 
(1) 
84 

(1) 

(1) 

(1) 

32 

102 

103 

80 

78 

70 

(1) 

257 

(1) 

997 

756 

511 

558 

1.381 

(1) 

(1) 

(1) 

(1) 

2,207 

(1) 

(1) 

2,373 

2,128 

599 

1,109 

655 

1,087 

972 

1,613 

723 

1,462 

1,182 

1.093 

499 


NS 

(1) 

6 

NS 

NS 


(1) 
4 
(11 
14 
II 


28 
(1 
(I 
(1 
(1 
IK 
(1 
(1 
11 
106 
26 
46 
39 
54 
49 
81 
36 
73 
56 
57 
26 


1961 
1962 
1963 
1964 
1963 
1966 
1967 
1968 
1969 
147(1 
1971 
1972 
1973 
1974 
1973 
1976 
1977 
1978 
1979 
1980 
198! 
1982 
1983 
1984 
1983 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1 993 


838 
634 
1,297 
1,762 
1,812 
2,183 
2,353 
1,980 
1,920 
1,407 
1.997 
1.612 
2,098 
1,826 
1,639 
1.299 
2,174 
2,009 
1,341 
1.557 
2,462 
1,266 
1,412 
4,216 
2,261 
2,886 
2,496 
3,869 
4,090 
3,302 
2.731 
3,550 
2,554 
2,744 
2.520 


46 
35 

75 

110 

153 

182 

188 

159 

223 

144 

212 

195 

294 

284 

283 

281 

548 

458 

400 

465 

850 

479 

514 

1,374 

830 

950 

1,005 

1.551 

1.733 

1,264 

942 

1 ,463 

1,186 

1,318 

1.712 


( 1 )  Data  not  available. 
NS — No  survey. 


(Jropped  to  150  crab  fishermen  in  1995.  The  estiniateiJ  number  of 
traps  per  fishermen  reinainecj  at  150  until  the  1980s,  when  the 
average  number  rose  to  approximately  250.  This  number  increased 
until  1985.  with  a  peak  of  304  traps  per  fisher.  By  1993.  the 
number  had  gradually  decreased  to  250  and  has  since  remained 
steady  (Tatum  et  al.  1995). 

Alabama's  annual  blue  crab  landings  remained  below  one  mil- 
lion pounds  until  1940.  At  that  time,  the  landings  increased  dra- 
matically to  1.3  million  pounds  and  reached  2.3  million  by  1948. 
This  increase  was  probably  because  of  the  development  of  im- 
proved transport  systems  in  coastal  Alabama  to  export  crabs  or 
crab  meat.  Another  sharp  increase  in  Alabama's  landings  occurred 
in  1984  when  they  rose  to  4.2  million  pounds.  Although  1984  was 
a  record  year,  the  harvest  has  remained  between  2.5  and  4.1  mil- 
lion pounds  since  that  time.  This  sudden  increase  was  probably 
attributable  to  an  increase  in  processing  capacity  and  the  resultant 
increase  in  markets  caused  by  the  influx  of  Southeast  Asia  immi- 
grants into  the  south  Alabama  area  in  1980.  These  immigrants 
filled  a  serious  void  in  the  processing  labor  pool,  thus  allowing 
increased  processing  capacity  in  Alabama  (Steel  and  Perry  1990). 
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Preliminary  data  for  1945  indicate  landings  of  2.5  million  pounds. 
Except  for  the  mcreases  noted  above.  Alabama's  landings  have 
remained  relatively  stable  through  1995.  However,  this  stability 
may  have  been  maintained  in  recent  years  by  an  increase  in  the 
number  of  traps  per  fisher  and  increased  labor,  as  compared  to 
previous  years.  Data  indicate  that  since  the  increase  in  traps  per 
fisher  in  1980.  the  catch  per  trap  has  declined  (Heath  unpub- 
lished). 

Ex-vessel  value  of  Alabama's  blue  crab  harvest  is  shown  in 
Table  4.  The  total  value  of  the  harvest  has  varied,  because  the 
landings  have  fluctuated  over  time.  However,  the  price  per  pound 
of  live  crab  harvested  has  steadily  increased  from  $0. 12/pound  in 
1969  to  $0.68/pound  in  1995. 

Soft  Crab 

Although  soft  crabs  are  harvested  by  the  commercial  blue  crab 
fishermen,  no  empirical  data  exists  on  this  fishery  for  Alabama. 
The  harvest  in  Alabama  is  thought  to  be  minimal.  The  industry  is 
a  small  cottage  industry  practiced  by  a  few  commercial  hard  crab 
fishermen  and  their  families  during  the  peak  of  the  season.  The 
current  crab  shedding  techniques  are  extremely  labor  intensive. 
The  supply  of  busters,  blue  liners,  and  red  liners  are  culled  from 
the  hard  crab  harvest  and  placed  in  various  types  of  systems  to 
shed  (Tatum  et  al.  1995). 

RECREATIONAL  FISHERY 

Although  little  empirical  data  exist  for  the  recreational  blue 
crab  fishery  in  Alabama,  Tatum  (1982)  estimated  that  the  recre- 
ational harvest  equaled  207i  of  the  commercial  harvest.  Blue  crabs 
provide  a  popular  and  important  source  of  recreation  for  many 
families.  Although  the  recreational  harvest  of  blue  crabs  is  small, 
it  is  still  an  important  recreational  fishery  in  Alabama. 

FISHERY-INDEPENDENT  DATA 

Long-term  datasets,  from  the  Alabama  Department  of  Conser- 
vation and  Natural  Resources,  Marine  Resources  assessment  and 
monitoring,  indicate  that  the  over-all  catch  per  unit  effort  (CPUE) 
from  samples  is  relatively  stable.  However,  the  catch  rates  of  legal 
crabs  declined  from  1985  to  1988.  recovered  slightly  in  1989  then 
continued  to  decline  from  1990  through  1994  (Table  5). 

MANAGEMENT  REGIME 

Personnel  from  the  Alabama  Department  of  Conservation  and 
Natural  Resources,  Marine  Resources  Division  are  working  with 
Alabama's  commercial  blue  crab  fishermen  to  improve  Alabama's 
blue  crab  management  program.  At  present,  Alabama  has  a  mini- 
mum harvestable  size  of  five  (5)  inches  for  commercial  hard  crabs. 
Crabs  for  shedding,  bait,  and  personal  consumption  are  excepted 
from  this  size  limit.  Alabama  also  has  a  portion  of  its  Mobile  delta 
waters  closed  to  crab  fishing  with  traps. 

Several  management  measures  are  under  discussion  at  the 
present  time.  These  include  limited  entry,  limiting  trap  numbers 
per  fisher,  marking  traps,  additional  area  closures,  escape  vents, 
and  biodegradable  panels  in  traps, 

STATUS  OF  THE  FISHERY  AND  RESOIRCE 

A  quantitative  stock  assessment  of  the  Alabama  blue  crab  stock 
is  impossible  because  of  the  relatively  limited  fishery-dependent 
and  population  dynamics  data.  However,  the  general  status  of  the 


TABLE  5. 
Alabama's  Fishery  Independent  Blue  Crab  Data. 


Trawl-Caught  Blue  Crab  CPUE 

Size  (mm) 

Year 

0-9 

10-39 

40-124 

>125 

1985 

0.16 

1.86 

2.13 

0.74 

1986 

0.08 

1.69 

2.14 

0.62 

1987 

0.0 1 

1.42 

0.83 

0.23 

1988 

0.02 

1.92 

1.57 

0.24 

1989 

0.09 

2.46 

2.38 

0.53 

1990 

0.0.^ 

1.02 

1.98 

0.43 

1991 

0.44 

2.18 

1.56 

0.46 

1992 

0.06 

0.56 

1.28 

0.38 

1993 

0.03 

0.49 

1.75 

0.28 

1994 

0.03 

0.73 

1.67 

0.23 

Seine-Caught  Blue  Crab  CPUE 
Size  (mm) 


Year 

0-9 

10-39 

40-124 

>I25 

1985 

0.05 

1-55 

0.70 

0,07 

1986 

0.03 

0.81 

0.78 

0.05 

1987 

0.00 

2.44 

1.39 

0.03 

1988 

0.17 

3.03 

1.00 

0.11 

1989 

0.03 

1.66 

2.21 

0,00 

1990 

0.00 

0.58 

0.38 

0,00 

1991 

0.00 

0.91 

0.17 

0,00 

1992 

0,17 

3.08 

0.54 

0,00 

1993 

0.05 

1.43 

0.24 

0,05 

1994 

0.00 

2.23 

0.68 

0.05 

BPL 

-Caught  Blue  Crab  CPUE 

Size  (mm) 

Year 

0-9 

10-39 

40-124 

>125 

1985 

1,17 

1  32 

0.07 

0.00 

1986 

1,34 

1,44 

0,14 

0.01 

1987 

0,98 

1,34 

0. 1 3 

0.00 

1988 

1.32 

1,45 

0.06 

0.00 

1989 

1 ,40 

1.51 

0.16 

0.00 

1990 

0,'-M 

1 .33 

0.06 

0.00 

1991 

2.61 

2.13 

0.05 

0.02 

1992 

2.41 

4.00 

0.20 

0.00 

1993 

2.30 

3.64 

0.18 

0.01 

1994 

1.63 

2.61 

0.07 

0.02 

fishery  and  resource  can  be  qualitatively  characterized  using  data 
available. 

Heck  et  al.  (1993)  indicated  that,  based  upon  data  from  larval 
settling  experiments  in  Alabama's  coastal  waters,  larval  recruit- 
ment to  the  estuaries  is  not  a  limiting  factor  in  Alabama.  The  most 
crucial  limiting  factor  is  the  available  amount  of  nursery  area. 
Fishery-independent  catch  rates  in  trawls  and  seines  indicate  that 
juvenile  recruitment  to  the  fishery  is  not  a  limiting  factor.  This 
stability  is  attributable  to  the  blue  crab  characteristics  of  high 
fecundity,  high  interannual  variation  in  abundance,  rapid  growth, 
early  reproductive  maturity,  and  relatively  short  life  span. 

ISSUES/PROBLEMS 

There  are  several  issues  and  problems  associated  with  the  Ala- 
bama blue  crab  fishery .  The  most  cnlical  problem  at  present  is  user 
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conflict  caused  primarily  by  the  increasing  number  of  crab  traps. 
Traps  interfere  with  and  draw  complaints  from  shrimp  fishermen, 
recreational  boaters,  and  waterfront  property  owners.  Other  prob- 
lems of  primary  concern  are  excessive  fishing  effort,  ghost  traps. 
trap  and  crab  theft,  and  habitat  degradation  and  loss.  Several  other 
problems  exist  but  are  of  lesser  importance  at  this  time.  These 
include:  incomplete  reporting  of  landings,  increased  processor 
regulation,  peeler  crab  availability,  and  bait. 

The  Marine  Resources  Division  personnel  are  working  with 
representatives  from  the  blue  crab  fishery  to  describe  the  high 
priority  problems  thoroughly  and  to  develop  recommendations  for 
solution  of  those  problems.  These  recommendations  will  be  passed 
on  to  fishery  managers  or  to  state  legislators,  depending  upon  who 
can  take  the  necessary  actions. 

A  VISION  OF  THE  FUTURE 

Idealls .  management  actions  in  Alabama  should  be  coordinated 
with  efforts  of  other  Gulf  of  Mexico  region  states.  Alabama  sup- 
ports the  philosophy  that  management  actions  should  be  directed 
toward  the  following:  user  group  conflicts,  limited  entry,  excessive 
sublegal  catch,  separation  of  the  hard  crab  and  peeler  crab  fisher- 


ies, wasteful  harvesting  practices,  waste  of  potential  recruils  lo  the 
fishery,  and  trap  and  crab  theft. 

Ideally,  the  fishery  should  be  managed  as  follows: 

•  Conunercial  hard  and  peeler  crab  fishermen,  recreational  fish- 
ermen, and  soft  crab  shedders  should  be  licensed  and  effort  and 
landings  from  each  group  should  be  monitored. 

•  Hard  crab  traps  should  have  escape  vents,  degradable  panels  and 
minimum  mesh  size  restrictions  to  reduce  sublegal  catch  and 
ghost  fishing  mortality.  Degradable  panels  should  also  be  re- 
quired in  peeler  traps. 

•  Peeler  crabs  held  for  shedding  should  be  pink-  or  red-line  and 
exempt  from  hard  crab  minimum  size  restrictions. 

•  All  traps  should  be  tagged,  and  trap  buoys  and  buoy  lines  should 
be  regulated. 

•  Time  and  area  restrictions  should  be  used  only  if  user  group 
conflicts  are  broadly  reduced  and  should  not  merely  shift  the 
problems  elsewhere. 

•  Some  form  of  limited  entry  and  trap  limits  should  be  imple- 
mented to  reduce  or  stabilize  fishing  effort. 

•  Finally,  the  most  important  action  to  help  ensure  the  continua- 
tion of  commercially  explitable  populations  of  blue  crabs  would 
he  lo  maintain  or  enhance  coastal  habitats. 
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ABSTRACT  The  blue  crab.  Cullinecles  sapiciiis  Rathhun  (Portunidae).  supports  large  commercial  and  recreational  fisheries  along 
Florida's  coasts.  Documentation  of  the  development  and  magnitude  of  the  commercial  fishery  exists,  but  little  is  known  about  the 
recreational  fishery.  Blue  crabs  are  harvested  in  both  the  hard-  and  soft-shell  states  in  Florida.  Various  types  of  gear  have  been 
employed  to  capture  blue  crabs,  but  in  recent  years  the  buoyed,  wire-mesh  trap  has  superseded  all  other  gear  types.  This  gear  type  is 
used  to  capture  both  hard-  and  soft-shell  blue  crabs.  By  far  the  largest  component  of  the  commercial  fishery  is  the  hard-shell  fishery. 
The  annual  commercial  harvest  of  hard-shell  blue  crabs  consistently  ranks  among  the  top  ten  of  the  fisheries  in  the  state  in  both  quantity 
and  e.\-vessel  value.  The  blue  crab  fishery  in  Florida  began  in  the  late  I80()s  and  has  continually  expanded.  The  quantity  of  blue  crabs 
harvested  has  historically  varied  among  coastal  counties  of  Florida.  In  recent  years,  various  peninsular  Florida  counties  on  the  Gulf  of 
Mexico  have  contributed  the  majority  of  annual  landings  of  hard-shell  blue  crabs.  Most  of  these  crabs  are  harvested  during  the  warmer 
months  of  the  year.  Management  of  the  blue  crab  fishery  in  Florida  has  historically  focused  on  protecting  ovigerous  females  and 
minimizing  inadvertent  mortality  of  unharvested  blue  crabs,  particularly  juveniles.  Regulations  focus  principally  on  gear  type,  gear 
configuration,  and  restricting  harvests  made  with  gear  other  than  wire-mesh  traps.  In  recent  years,  hard-shell  blue  crab  landings  in 
Florida  have  stabilized  or  decreased  slightly,  but  the  number  of  fishers  in  the  industry  has  increased.  As  a  result,  standardized  harvest 
(pounds  per  fishing  trip)  has  decreased;  this  trend  is  more  pronounced  in  Atlantic  coastal  counties  than  in  gulf  coastal  counties.  The 
processing,  marketing,  and  retailing  components  of  the  seafood  industry  in  Florida  are  well  developed  and  could  absorb  additional 
production  of  blue  crab  products  in  the  state.  However,  competition  with  other  crab  and  imitation-crab  products,  degradation  of  coastal 
habitats  important  in  the  blue  crab  life  cycle,  increases  in  fishing  effort  and  efficiency,  fluctuations  in  blue  crab  population  sizes,  and 
other  concerns  limit  the  potential  for  further  expansion  of  the  Florida  blue  crab  fishery. 

KEY  WORDS:     Blue  crab,  Calliiiecies.  CPUE,  ex-vessel  value,  fisheries,  fishery  landings,  Florida 


INTRODUCTION 

Hard-Shell  Blue  Crab  Fishery 

Little  is  known  of  the  history  of  the  commercial  blue  crab 
{Callinectes  sapiili(s)  fishery  in  Florida  prior  to  the  1880s  (Steele 
and  Perry  1990).  Rathbun  (1884)  reported  that  "although  very 
large  quantities  of  blue  crabs  can  be  easily  procured  along  the  east 
coast  of  Florida,  they  have  as  yet  to  give  rise  to  a  regular  industry, 
and  are  merely  taken  for  home  consumption  in  towns  along  the 
coast."  Rathbun  (1884)  also  reported  that  blue  crabs  along  the 
Gulf  coast  "are  so  commonly  distributed  and  so  abundant,  they  are 
considered  as  having  no  commercial  value  outside  of  the  larger 
cities.  In  fact,  there  is  no  regularly  established  trade  in  crabs  upon 
the  Gulf  of  Mexico  coast,  excepting  in  connection  with  New  Or- 
leans and  Galveston." 

The  perishability  of  blue  crabs  prevented  the  development  of  a 
fishery  for  the  species  until  the  advent  of  the  railroad  (Perry  et  al. 
1984).  The  advancement  of  rail  transportation  in  Florida,  neces- 
sary for  the  shipment  of  perishable  items,  was  essential  to  the 
development  of  the  state's  seafood  industry  in  general.  Prior  to  rail 
travel,  which  began  in  northwest  Florida  in  1907,  the  fastest  mode 
of  transporting  seafood  was  by  sailing  schooner;  a  schooner  trip 
from  Apalachicola  to  Pensacola.  two  northwest  Florida  towns  in 
relatively  close  proximity,  required  several  days. 

One  of  the  earliest  commercial  fisheries  for  blue  crabs  in  the 
Gulf  of  Mexico  existed  in  the  Florida  Panhandle  town  of  We.st 
Point  (now  Apalachicola),  where  several  fainilies  fished  trotlines 
(submerged  lines  baited  at  repetitive  intervals)  and  traded  their 
crabs  for  farm  products  and  staples.  By  1897,  several  small-scale 
processing  plants  in  the  area  were  processing  a  variety  of  seafood 
products,  including  oysters,  mullet  roe,  shrimp,  and  blue  crabs. 
However,  prior  to  1930.  the  Florida  blue  crab  fishery  principally 


supplied  a  barter-type  market  where  the  crab  meat  and  crab  meat 
products  were  consumed  locally. 

One  of  the  first  full-scale  crab  meat  processing  (picking)  op- 
erations in  Florida  was  started  in  the  Apalachicola  area  in  the 
spring  of  1930  (Steele  and  Perry  1990).  Crab  meat  was  packed  in 
pint  jars  and  shipped  on  ice  by  rail  to  New  York.  This  was  the 
earliest  report  of  crab  meat  produced  for  interstate  shipment  from 
Florida.  Along  the  Florida  Atlantic  coast,  blue  crab  processing 
activities  began  in  the  late  1930s  when  a  plant  was  established  on 
the  St.  Johns  River  near  the  town  of  Green  Cove  Springs.  Florida's 
blue  crab  fishery  began  to  expand  significantly  after  World  War  II 
because  of  the  expansion  of  large-scale  processing  plants  on  both 
coasts.  Several  additional  plants  were  opened  in  the  town  of  Pan- 
acea (in  northwest  Florida)  in  the  late  1940s  and  eariy  1950s  and 
continue  to  operate  to  this  date,  providing  the  bulk  of  the  Florida 
Gulf  coast  blue  crab  meat  that  enters  seafood  markets. 

Hard-Shell  Blue  Crab  Fishing  Gear 

Some  of  the  earliest  gear  used  in  the  commercial  and  recre- 
ational harvest  of  hard-shell  blue  crabs  in  Florida  included  scoop 
nets,  baited  hoop  nets,  seines,  trotlines,  trawls,  hand  lines,  and 
hook  and  lines.  Commercial  landings  harvested  with  the  three  most 
common  types  of  gear  traditionally  used  from  1948  to  1976  are 
shown  in  Table  1.  The  principal  gear  types  used  to  harvest  hard- 
shell blue  crabs  in  Florida  have  changed  over  time.  During  the 
early  years  of  the  fishery,  trotlines  gradually  replaced  all  other  gear 
types  and  accounted  for  most  of  the  commercial  landings;  in  the 
mid- 1930s,  these  were  displaced  by  crab  traps.  No  commercial 
landings  harvested  by  trotline  have  been  reported  since  1967.  A 
directed  trawl  fishery  for  blue  crabs  began  in  the  early  19.'S0s  in 
Florida  and  peaked  during  the  late  1960s  and  early  197()s.  The  use 
of  trawls  for  the  commercial  or  recreational  harvest  of  blue  crabs 
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TABLE  1. 

Florida  hard-shell  blue  crab  landings  (xlO'  pounds)  by  gear 
type.  1948-1976. 


Year 

Trawls 

Traps 

Trotlines 

1948 

NS 

NS 

NS 

1949 

NS 

89 

1,964 

1950 

NS 

4 

680 

1951 

I 

1 

2,071 

1952 

2 

135 

1,844 

1953 

3 

9 

3,141 

1954 

3 

1,045 

1,853 

1955 

1 

2.735 

2,218 

1956 

2 

2,490 

1,237 

1957 

2 

4,861 

431 

1958 

6 

7,799 

889 

1959 

11 

12.844 

1,041 

1960 

17 

17,343 

1,289 

1961 

64 

16.065 

1,001 

1962 

33 

10,073 

251 

1963 

81 

12,828 

240 

1964 

98 

13,626 

345 

1965 

118 

20.021 

457 

1966 

87 

16,311 

148 

1967 

164 

13,688 

120 

1968 

138 

8,865 

NS 

1969 

243 

11,331 

NS 

1970 

101 

14.670 

NS 

1971 

78 

12.201 

NS 

1972 

127 

10.454 

NS 

1973 

246 

9.439 

NS 

1974 

69 

10,065 

NS 

1975 

118 

12,688 

NS 

1976 

120 

11.928 

NS 

NS,  no  .survey. 

in  the  state  is  no  longer  allowed,  but  limited  incidental  catches  of 
blue  crabs  in  shrimp  trawls  are  allowed. 

Crab  traps  were  first  introduced  into  the  blue  crab  fishery  in  the 
Chesapeake  Bay  region  in  1927.  The  introduction  of  the  crab  trap 
allowed  the  blue  crab  fishery  to  expand.  Landings  increased  to  the 
point  that  processing  shifted  from  a  "kitchen  operation"  to  large- 
scale  processing  plants.  Traps  were  more  efficient  at  catching  blue 
crabs  than  trotlines  were  and,  unlike  trotlines,  did  not  have  to  be 
tended  constantly.  This  modest  technological  advance  allowed 
more  gear  to  be  deployed,  which  resulted  in  larger  per  capita 
catches.  Likewise,  the  most  distinctive  change  in  the  Florida  blue 
crab  fishery  occurred  after  the  crab  trap  was  introduced  in  Panacea 
in  the  early  1950s.  The  reported  landings  for  the  various  gear  types 
operated  in  Florida  during  the  1930s  and  1960s  document  the 
increased  impact  of  the  trap  on  the  blue  crab  fishery  (Table  I ). 
Large  picking  plants  further  expanded  as  the  supply  of  hard-shell 
crabs  increased  beyond  the  capacity  of  local  markets  to  sell  them, 
forcing  the  industry  to  develop  new  marketing  channels  (.Steele 
and  Perry  1990). 

Soft-Slu'll  Him-  Crah  Fishery 

The  soft-shell  (postmolt)  blue  crab  industry  originated  in  the 
Chesapeake  Bay  region  during  the  late  1800s.  The  subsequent 
demand  for  soft-shell  crabs  was  so  great  that  the  fishery  soon 
expanded  to  almost  all  states  along  the  south  Atlantic  seaboard  and 


the  Gulf  of  Mexico.  The  first  record  of  soft-shell  blue  crab  pro- 
duction in  the  Gulf  of  Mexico  is  from  1887,  when  133,000  pounds 
of  soft-shell  crabs  were  harvested  in  Louisiana  (Steele  and  Perry 
1990).  Florida  does  not  have  a  history  of  successful  commercial 
soft-shell  crab  production.  Traditionally,  most  soft-shell  crab  shed- 
ding facilities  (plants  where  blue  crabs  are  held  until  they  molt)  in 
the  state  have  been  family-owned,  small-business  operations  that 
produced  small  volumes  of  product.  Despite  an  increasing  demand 
for  soft-shell  blue  crabs,  production  levels  have  remained  low, 
probably  because  of  the  inconsistent  supply  of  peeler  (premolt) 
blue  crabs  in  Florida  waters  and  the  unfamiliarity  of  Florida  crab- 
bers with  shedding  techniques. 

Soft-Shell  Blue  Crah  Fishing  Gear 

Peeler  crabs  used  in  shedding  operations  have  been  harvested 
with  a  variety  of  gear  types,  including  the  peeler  pound  (a  crab 
fyke  or  pound  net  made  of  chicken  wire),  crab  scrape  (a  rectan- 
gular metal  frame  with  attached  bag  of  webbing  and  a  bridle  for 
towing),  push  net  (a  large-mouth  net  with  a  flat  wooden  blade  or 
roller  attached),  and  peeler  or  "■jimmy"  pot  (a  crab  trap  modified 
so  that  male  blue  crabs  are  used  as  bait  to  attract  the  females).  Most 
early  shedding  operations  used  floating  boxcars  for  shedding  pre- 
molt crabs.  These  modified  tloating  crab  pens,  traditionally  con- 
structed of  wood,  were  used  to  hold  peeler  crabs  until  the  molting 
process  was  complete.  Although  this  system  was  inexpensive  to 
build  and  maintain,  it  had  several  limitations.  Successful  boxcar 
operations  required  good  water  quality  in  an  area  of  tidal  flow  or 
wave  action.  Predation.  siltation.  pollution,  and  rapid  changes  in 
environmental  conditions  (e.g..  salinity)  all  affected  this  shedding 
technique.  In  more  recent  years,  processors  of  soft-shell  blue  crabs 
have  converted  to  shore-bound  operations.  Current  shedding  op- 
erations may  involve  either  flow-through  systems  (open)  or  recir- 
culating seawater  systems  (closed).  In  either  system,  premolt  crabs 
are  held  in  shore-based  tanks  with  circulating  water  rather  than  in 
floating  containers  in  natural  bodies  of  water  (Perry  et  al.  1979). 

FISHERY  CHARACTERISTICS 

The  blue  crab  supports  one  of  the  largest  commercial  and  rec- 
reational fisheries  in  Florida  (Steele  and  Perry  1990),  Blue  crabs 
are  harvested  throughout  the  year  in  coastal  Florida  waters  and  are 
taken  from  a  variety  of  habitats,  including  fresh,  estuarine.  and 
oceanic  waters.  In  1994,  reported  commercial  hard-shell  blue  crab 
landings  totaled  13,997,264  pounds  and  were  valued  at  approxi- 
mately $9  million  (ex-vessel).  In  that  year,  the  fishery  ranked 
second  in  volume  and  seventh  in  value  of  all  commercial  fisheries 
in  Florida.  Soft-shell  blue  crab  production  totaled  1 19,000  pounds 
during  1994  and  was  valued  at  approximately  $400,000. 

The  magnitude  of  the  recreational  blue  crab  fishery  is  unknown 
but  is  thought  to  be  substantial.  In  Florida,  recreational  harvesters 
do  not  have  to  possess  a  saltwater  fishing  license  if  they  harvest 
blue  crabs  from  the  shore  (e.g..  from  docks,  sea  walls,  beaches)  or 
from  wading  depths  near  the  shore.  However,  recreational  crabbers 
using  traps  must  have  a  license  if  they  deploy  more  than  five  traps. 
No  special  markings  on  the  license  distinguish  blue  crab  fishennen 
from  other  fishermen,  so  it  is  difficult  to  estimate  the  actual  num- 
ber of  harvesters  of  blue  crabs.  However,  results  from  a  blue  crab 
lagging  study  conducted  throughout  the  state  from  198.3  to  198.5 
indicated  that  45%  of  all  respondent  telephone  calls  and  IS'/f  of  all 
tag  returns  were  from  recreational  crabbers  (Florida  Department  of 
Environmental  Protection  [FDEP|,  unpublished  data). 
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Trends  in  Reporlcri  landings 
Hard-Shell  Blue  Crabs 

Reported  Lomniercial  blue  crab  landings  data  ni  Florida,  and  in 
most  other  states,  are  probabU  less  accurate  than  similar  data  for 
other  fisheries.  Properly  handled,  blue  crabs  are  capable  of  sur- 
vival for  extended  periods  of  time  and  can  be  shipped  over  con- 
siderable distances.  This  may  result  in  the  sub.sequent  loss  of  land- 
ings data  from  the  point  of  origin.  The  entry  of  blue  crabs  directly 
from  the  fishermen  into  the  more  valuable  retail  "steamer"  or 
"basket"  market  also  provides  an  avenue  for  under-reporting. 
Restaurants  or  other  retail  facilities  offering  steamed  crabs  are  not 
as  closely  monitored  as  are  many  crab  processing  plants  (picking 
houses)  and.  therefore,  are  less  likely  to  report  the  actual  amount 
of  crabs  sold  accurately.  Dressel  et  al.  (1983)  estimated  that  3,0% 
of  the  total  U.S.  blue  crab  landings  were  marketed  live  in  the 
"basket"  trade:  the  majority  of  these  landings  did  not  go  through 
normal  reporting  channels.  Also,  some  dealers  refuse  or  are  reluc- 
tant to  report  blue  crab  landings  in  the  misbelief  that  such  records 
will  be  available  for  review  for  tax  purposes.  Although  blue  crab 
landings  data  are  under-reported,  the  available  data  are  useful  for 
depicting  long-term  trends. 

Commercial  hard-shell  blue  crab  landings  for  the  Florida  fish- 
ery have  been  recorded  since  1880.  although  they  were  somewhat 
sporadically  reported  until  about  1927.  Annual  commercial  land- 
ings in  Florida  averaged  less  than  10.000  pounds  until  1936:  sub- 
sequently, landings  increased  substantially.  The  fishery  continued 
to  expand  in  the  .S  years  prior  to  World  War  11.  and  landings 
averaged  approximately  1  million  pounds  per  year.  With  the  onset 
of  the  war.  landings  declined  drastically  because  of  the  curtailment 
of  gasoline  supplies  and  the  entry  of  much  of  the  male  workforce 
into  the  military  (Steele  and  Perry  1990).  During  the  postwar 
years,  production  in  the  state's  blue  crab  fishery  rapidly  increased. 
Production  reached  the  highest  \alue  in  the  history  of  the  fishery 
when  it  peaked  at  27  million  pounds  in  1965  (Fig.  1).  after  the 
introduction  and  widespread  acceptance  of  the  crab  trap.  Subse- 
quently, annual  landings  have  fluctuated  in  4-  to  7-year  cycles  but. 
overall,  have  declined.  In  recent  years  (1985-1995).  landings  have 


averaged  13.6  million  pounds  and  have  ranged  from  9  lo  18  mil- 
lion pounds.  Ex-vessel  value  has  generally  increased:  it  peaked  in 
1995  at  approximately  ,S9  million  (Fig.  1). 

Hard-shell  blue  crab  production  along  the  Florida  Gulf  coast 
has  historically  exceeded  production  along  the  Atlantic  coast  and 
continues  to  do  so  to  the  present  day.  During  the  period  1985  to 
1995.  annual  hard  crab  landings  along  the  Florida  Gulf  coast  av- 
eraged 8.1  million  pounds  (Fig.  2A).  and  annual  fluctuations 
ranged  from  5  to  10  million  pounds.  Landings  during  the  past  4 
years  (1992-1995)  have  remained  very  stable,  averaging  approxi- 
mately 8.2  million  pounds  per  year.  During  1985  to  1995.  Atlantic 
coast  hard-shell  blue  crab  landings  averaged  5.1  million  pounds 
per  year  (Fig.  2B)  and  ranged  approximately  3  to  8  million  pounds. 
In  1995,  Atlantic  coast  hard  crab  landings  declined  to  3.4  million 
pounds,  the  lowest  level  of  production  since  1986. 
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Figure  1.  Florida  hard-shell  blue  crab  production:  landings  and  ex- 
vessel  value.  196(»-19y5. 
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Figure  2.  Hard-shell  blue  crab  production  (landings,  ex-vessel  value). 
1985-1995,  in  Florida  for  (.\)  Gulf  of  .Mexico  coastal  waters  and  (B) 
.Atlantic  coastal  waters.  Horizontal  lines  show  11-year  averages  of 
landings. 
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Figure  3.  Florida  soft-sliell  blue  crab  production:  landings  and  ex- 
vessel  value,  1980-1995. 


Soft-Shell  Blue  Crabs 

Recorded  production  of  soft-shell  blue  crabs  ui  Florida  began 
in  1902.  when  500  pounds  of  soft  crabs  were  reported.  Soft-shell 
blue  crab  production  remained  low  throughout  the  state  until  the 
1950s.  At  that  time,  production  began  to  increase;  by  1978,  pro- 
duction had  reached  25.000  pounds  and  was  valued  at  approxi- 
mately $50,000.  A  pronounced  peak  in  production  occurred  in 
1984.  when  115.000  pounds  of  soft-shell  crabs,  valued  at 
$300,000.  were  produced  (Fig.  3).  Soft-shell  crab  production  de- 
clined precipitously  after  1984  but  has  increased,  and  in  1994  and 
1995.  attained  levels  comparable  to  1984.  In  recent  years,  ex- 
vessel  value  has  also  maintained  an  all-time  hish. 


Spatial  Distribution  of  the  Commercial  Harvest 

Hard-Shell  Blue  Crabs 

Steele  (1982)  reported  that  hard-shell  blue  crabs  were  landed 
commercially  in  most  Florida  coastal  counties  but  that  landings 
varied  considerably  among  counties.  During  1967  to  1978.  land- 
ings in  the  state  were  highest  in  those  counties  north  of  Hillsbor- 
ough, Pinellas,  and  Indian  River  counties  and  along  the  gulf  coast 
eastward  and  southward  of  Cape  San  Bias  (Fig.  4).  During  that 
period,  annual  production  in  each  of  the  counties  west  of  Cape  San 
Bias,  including  Escambia.  Santa  Rosa.  Okaloosa.  Walton,  Bay. 
and  Gulf  (the  Florida  Panhandle),  was  less  than  500,000  pounds. 
Throughout  that  period,  no  Panhandle  county  ranked  in  the  top  10 
counties  in  hard-shell  blue  crab  production  in  Florida.  This  pattern 
continued  through  the  1980s  and  early  1990s  except  for  Bay 
County,  which  has  ranked  in  the  top  10  counties  since  1989. 
Southeastward  from  Cape  San  Bias,  production  in  Franklin, 
Wakulla,  Taylor/Dixie  (landings  combined).  Levy,  and  Citrus/ 
Hernando/Pasco  counties  (landings  combined)  is  typically  more 
than  one  million  pounds  annually,  most  of  these  counties  ranked  in 
the  top  10  in  hard-shell  blue  crab  production  during  the  1960s  and 
1970s.  Except  for  a  decrease  in  production  in  Franklin  and  Taylor 
counties  during  the  late  1980s,  production  in  these  counties  has 
remained  high.  Reduced  production  in  Franklin  County  during  this 
period  may  have  resulted  from  the  loss  of  processing  facilities  and 
extensive  damage  to  the  local  crabbing  fleet  caused  by  hurricanes; 
much  of  this  damage  has  never  been  repaired.  From  Hillsborough 
and  Pinellas  counties  southward  through  the  Florida  Keys  (Monroe 
County),  landings  during  the  1960s  and  1970s  were  considerably 
lower  than  in  more  northerly  counties,  except  in  the  Charlotte 
Harbor  bay  system  (Charlotte  and  Lee  counties).  That  system  pro- 
duced approximately  one  million  pounds  annually.  In  addition, 
since  1986,  Lee  County  has  ranked  in  the  top  five  counties  in  blue 
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Figure  4.  Coastal  counties  of  Florida. 
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crab  production  in  the  state,  and  that  coiuU\  ranked  niniiher  one  In 

1988  and  number  two  in  1994  (Fig.  5). 

Along  the  east  coast  of  Florida,  annual  landings  in  Bre\ard 
County  during  the  196()s  and  197()s  a\eraged  2  million  pounds. 
and  that  county  ranked  second  in  the  state  in  blue  crab  production 
for  that  period.  Brevard  County  landings  have  remained  consis- 
tently high  during  the  1980s  and  early  1990s.  During  the  1960s  and 

197()s.  Nassau  and  Duval  counties  ranked  eighth  and  thirteenth  in 
the  state  in  hard-shell  blue  crab  production,  respectively;  but  in  St. 
Johns  County,  landings  declined  from  a  high  of  appro,\imately  2..'i 
million  pounds  in  1964  to  200,000  pounds  in  1978.  Subsequently, 
landings  in  that  county  again  increased  considerably;  the  county 
ranked  number  one  in  the  stale  for  blue  crab  production  in  1990, 
and  number  four  in  1994  (Fig.  5).  From  St.  Lucie  County  south- 
ward to  Dade  County,  blue  crab  production  has  been  and  remains 
consistently  low. 

Soft-Shell  Blue  Crabs 

Although  soft-shell  blue  crab  production  has  been  attempted 
many  times  in  Florida,  few  operations  have  been  successful  for 
more  than  a  few  years.  It  was  not  until  the  mid-1950s  that  a  true 
soft-shell  crab  production  facility  was  established  in  Punta  Gorda. 
Florida,  following  an  experimental  shedding  project.  During  the 
1960s  and  1970s,  shedding  operations  were  centered  in  southwest 
Florida  (Charlotte  County)  and  the  Florida  Panhandle  (Apalachi- 
cola  Bay).  Small-scale  shedding  operations  are  now  located 
throughout  the  state,  especially  in  the  Gulf  coast  counties  of  Citrus. 
Levy.  Dixie,  and  Franklin  and  along  the  .Atlantic  coast  in  those 
counties  bordering  the  St.  Johns  River. 

Seasonal  and  Size  Distribution  of  the  Commercial  Harvest 

Landings  for  both  the  Gulf  and  Atlantic  coasts  are  highest 
during  summer  months  (Fig.  6).  but  peak  landings  on  the  Gulf 
coa.st  occur  in  May;  whereas,  landings  on  the  Atlantic  coast  are 
highest  in  July.  On  a  more  local  scale,  there  is  considerable 
monthly  variation  in  the  relative  abundance  of  blue  crabs  in  Tampa 
Bay.  but  their  abundance  is  generally  higher  in  warmer  months 
(Steele  and  Bert  1994). 

Data  on  the  size  distribution  of  the  commercial  harvest  are 
lacking;  however,  comparable  data  on  the  size-frequency  distri- 
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Figure  5.  Percentage  contriliution  of  the  top  ten  blue  crab  producing 
counties  in  Florida  to  the  total  Florida  hard-shell  blue  crab  production 
in  1994. 
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Figure  6.  .Monthly  commercial  hard-shell  blue  crab  production  in 
Florida,  1990-1995  average  (FDEP  Marine  Fisheries  Information  .Sys- 
tem). Black  =  .\tlantic  coast  production,  hatched  =  Gulf  coast  produc- 
tion. 

bution  of  blue  crabs  caught  ni  traps  during  a  2-year  study  of  their 
population  dynamics  in  Tampa  Bay,  Florida,  are  available  (Steele 
and  Bert  1994).  During  the  2  years,  captured  crabs  ranged  in  size 
from  44  to  219  mm  carapace  width  (CW).  In  1980  to  1981.  mean 
sizes  of  the  two  sexes  (approximately  140  mm  CW)  were  not 
significantly  different;  however,  in  1982  to  1983,  mean  size  of 
females  (151  mm  CW)  was  significantly  larger  than  that  of  males 
(145  mm  CW).  Variation  in  mean  size  of  both  males  and  females 
occuiTed  among  months;  mean  size  of  each  sex  was  comparatively 
large  during  October  to  December  and  comparatively  small  during 
March  to  September.  The  decrease  in  crab  size  during  .spring  and 
summer  resulted  from  a  shift  in  size  frequency  distribution  that 
occurred  as  juvenile  crabs  recruited  to  the  traps.  Most  variation  in 
mean  size  of  both  male  and  female  crabs  was  associated  with 
location.  Mean  size  of  males  was  generally  larger  at  sampling 
stations  located  in  upper  Tampa  Bay  and  smaller  at  those  stations 
located  closer  to  the  Gulf;  whereas,  mean  size  of  females  seemed 
to  be  more  station-specific. 

MANAGEMENT  AND  FISHERY  REGULATIONS 

Historically,  management  of  the  Florida  blue  crab  fishery  has 
been  categorized  as  preventive  (Jamieson  1986).  focusing  on  at- 
tempts to  obtain  optimum  resource  utilization  over  the  long  term. 
State  .statutes  regulated  the  licensing,  identification,  and  working 
of  commercial  gear;  protected  egg-bearing  females;  and  estab- 
lished a  minimum  size  limit.  A  renovated  fishery  management  plan 
became  law  in  June  1993  and  was  defined  in  Florida  Statutes 
370.135  and  in  the  Florida  Administrative  Code.  Chapter  46-45. 
Recent  additions  to  the  existing  statutes  include  rules  that  regulate 
buoy  and  trap  configurations,  provide  for  a  restricted  species  en- 
dorsement for  blue  crabs  (initiated  January  I.  1995).  establish 
allowable  gear  types  for  commercial  and  recreational  harvest  of 
blue  crabs,  prohibit  the  harvest  or  sale  of  egg-bearing  females, 
establish  bag  limits  for  recreationally  caught  crabs  and  those  crabs 
caught  as  bycatch.  and  set  a  minimum  legal  size  of  5  inches  mini- 
mum CW  (with  a  5"7f  tolerance  of  undersized  crabs  in  the  catch). 
For  the  soft-shell  blue  crab  fishery  and  bait-crab  fishery  (small 
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blue  crabs  are  used  as  bait  in  recreational  finfish  fisheries),  the 
minimum  legal  size  is  exempted  by  permit  from  the  FDEP. 

The  primary  gear  type  used  in  the  blue  crab  fishery  in  Florida 
is  the  baited  wire  trap.  Florida  Statutes  state  that  a  trap  used  for  the 
harvest  of  blue  crabs  from  Florida  waters  be  constructed  of  wire 
mesh  having  a  minimum  size  of  IVi  in,  have  a  throat  only  on  a 
vertical  surface,  have  three  2ys-in  escape  rings,  have  a  degradable 
panel,  and  have  a  maximum  dimension  of  24  x  24  x  24  in  or  an 
equivalent  volume  of  8  cubic  ft.  A  buoy  or  time-release  buoy  with 
a  minimum  diameter  of  6  in  must  be  attached  to  each  trap.  Each 
buoy  used  for  attachment  to  a  commercial  trap  must  be  constructed 
of  appropriate  material  and  have  the  harvester's  blue  crab  endorse- 
ment number  (obtained  from  FDEP)  permanently  embossed  on  it. 
Traps  used  to  target  peeler  crabs  may  be  baited  only  with  live, 
sexually  mature  male  ("jimmy")  crabs  to  attract  premolt  females. 
These  traps  must  be  constructed  of  wire  having  a  minimum  mesh 
size  of  1  in  and  must  have  the  same  dimensions  as  traps  used  to 
capture  hard-shell  blue  crabs. 

Other  allowable  gear  for  the  hard-shell  blue  crab  fishery  are  dip 
or  landing  nets,  drop  nets,  fold-up  traps,  hooks  and  lines,  push 
scrapes,  and  trotlines.  In  addition  to  the  allowable  gear  provided 
for  in  the  regulations,  blue  crabs  harvested  in  fresh  water  may  be 
har\ested  with  gear  permitted  by  the  Florida  Game  and  Freshwater 
Fish  Commission.  Finally,  the  harvesting  of  hard-shell  and  peeler 
blue  crabs  may  be  conducted  during  daylight  hours  only. 

Blue  crabs  are  also  incidentally  harvested  as  bycatch  in  stone 
crab  traps  and  shrimp  trawls.  Florida  Statutes  state  that  blue  crabs 
may  be  legally  harvested  with  these  gear  types  provided  that  the 
quantity  of  blue  crabs  landed  does  not  exceed  200  pounds  per 
vessel  per  trip  (shrimp  trawls).  Blue  crabs  used  as  live  bait  are  also 
harvested  in  roller-frame  trawls.  The  minimum  size  limit  does  not 
apply  to  these  bait  crabs  provided  that  the  daily  amount  of  crabs 
harvested  does  not  exceed  10  gallons  per  person  or  vessel.  Blue 
crabs  may  also  be  harvested  as  incidental  bycatch  of  species  law- 
fully harvested  with  other  gear  types  so  long  as  the  amount  does 
not  exceed  200  pounds  per  vessel  per  trip. 

Egg-bearing  female  blue  crabs  have  been  protected  in  the 
Florida  fishery  for  many  years.  The  harvest,  possession,  purchase, 
or  sale  of  egg-bearing  females  is  prohibited.  The  practice  of  strip- 
ping the  eggs  from  egg-bearing  females  or  otherwise  molesting 
them  to  remove  the  eggs  is  prohibited,  as  is  the  harvest,  possession, 
purchase,  or  sale  of  stripped  females. 

For  many  years  the  recreational  fishery  for  blue  crabs  was 
exempt  from  most  regulations  with  the  exception  of  a  limitation  on 
the  number  of  traps  deployed  (five).  However,  current  regulations 
state  that  recreational  crabbers  are  limited  to  10  gallons  of  whole 
blue  crabs  per  person  per  day.  Allowable  gears  for  recreational 
harvest  are  defined  as  dip  or  landing  nets,  drop  nets,  fold-up  traps, 
hooks  and  lines,  push  scrapes,  and  trotlines.  There  is  no  minimum 
size  limit  for  the  recreational  harvest  of  blue  crabs. 

PRESENT  AND  POSSIBLE  FUTURE  CONDITION  OF 
THE  FISHERY 

Harvest  effort  and  levels  in  tlic  blue  crab  fishery  in  Florida  vary 
seasonally,  annually,  and  geographically.  These  lluctuations  result 
principally  from  variations  in  year-class  strength  and  distribution 
of  the  stock,  both  of  which  are  considered  to  be  influenced  by 
density-independent  environmental  variables  (Van  Engel  1987). 
However.  Tagatz  ( 196.S)  reported  that  market  condition,  as  well  as 
crab  migration  patterns  and  year-class  strength,  were  also  influen- 


tial in  determining  the  level  of  the  commercial  catch  in  Florida. 
Additionally.  Lyles  ( 1976)  and  Moss  ( 1982)  suggested  that  harvest 
fluctuations  in  the  Gulf  of  Mexico  can  be  influenced  more  by 
economic  conditions  than  by  blue  crab  population  levels.  Increased 
gear  efficiency,  variations  in  fishing  effort,  environmental  factors, 
and  conditions  in  other  fisheries  also  affect  fluctuations  in  blue 
crab  production  (Steele  and  Perry  1990). 

Data  from  the  National  Marine  Fisheries  Service  (NMFS  1969- 
1984)  and  the  FDEP  ( 198.S-I995).  suggest  a  dramatic  increase  in 
effort  in  the  Florida  blue  crab  fishery  accompanied  by  a  significant 
reduction  in  catch  per  unit  effort  (CPUE).  The  number  of  com- 
mercial blue  crab  fishermen  increased  from  367  in  1969  to  a  peak 
of  1,619  in  1994,  but  declined  to  l,.M3  in  1995.  The  number  of 
traps  used  in  the  fishery  increased  from  approximately  59,000  in 
1969  to  an  estimated  204,000  traps  in  1995.  Annual  catch  per 
fisherman  decreased  from  47,000  pounds  in  1969  to  9,000  pounds 
in  1995.  Although  these  data  are  derived  from  two  different 
sources  and  are  not  directly  comparable,  it  seems  that  fishing  effort 
has  increased,  and  CPUE  has  decreased. 

Since  1985,  the  FDEP  has  maintained  the  Marine  Fisheries 
Information  System,  a  program  in  which  detailed  fishery- 
dependent  data  are  collected  for  Florida  fisheries.  Total  pounds 
caught  for  each  species  are  documented  for  each  coast  (Atlantic, 
Gulf  of  Mexico),  county,  and  month.  Additional  information  col- 
lected pertaining  to  the  commercial  blue  crab  fishery  includes  total 
number  of  fishers  (classified  by  coast  of  utilization),  number  of 
fishing  trips  per  fisher,  pounds  caught  per  trip,  and  an  estimate  of 
the  number  of  traps  fished  per  trip  ( 1994-1995  only).  Because  the 
CPUE  data  for  pounds  per  trap  is  limited,  pounds  per  trip  is  used 
as  the  measure  of  .standardized  effort  in  Florida.  Nevertheless, 
from  the  available  data,  detailed  analyses  of  trends  in  the  fishery 
can  be  made  for  recent  years. 

The  reported  statewide  landings  for  hard-shell  blue  crabs  dur- 
ing 1995  totaled  12.1  million  pounds,  and  commercial  crabbers 
made  a  total  of  5.^.493  fishing  trips  to  obtain  that  harvest.  Since  the 
most  recent  low  point  in  landings  ( 1991),  this  harvest  represents  a 
19%  increase  in  production  (Fig.  I )  and  a  31%  increase  in  fishing 
effort,  as  defined  by  the  number  of  fishing  trips  taken  (Fig.  7). 
Thus,  in  general,  increases  in  fishing  effort  have  been  matched  by 


85  86  87  88  89  90  91  92  93  94  95 
Year 

D Total  Trips    •  Lbs/Trip 

Figure  7.   Fishing  elTort  and  standardized  yield  in  the  Florida  hard- 
shell blue  crab  fishery,  1985-1W5. 
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increases  in  landings  within  the  past  tew  years.  However,  since 
1985,  statewide  landings  ha\e,  at  best,  been  stable  (alNiwing  for 
the  interannual  c\cles  in  harvest  levels;  Fig.  1 ).  while  fishing  effort 
has  increased  by  approximately  64%.  Consequently,  CPUE  (cal- 
culated as  pounds  per  trip)  has  declined  approximately  41% 
(Fig.  7). 

The  percentage  of  increase  in  fishing  effort  and  its  relative 
impact  on  CPUE  has  differed  markedly  between  gulf  coast  coun- 
ties and  Atlantic  coast  counties.  The  number  of  fishing  trips  taken 
by  fishermen  operating  from  gulf  coast  counties  in  1995  (36,847) 
represented  a  7.3%  increase  over  the  number  taken  in  1985,  and 
CPl'E  declined  39%,  from  384  pounds  per  trip  in  1985  to  235 
pounds  per  trip  in  1995  (Fig.  8A).  Along  the  Atlantic  coasL  fishers 
made  a  total  of  16,646  trips  in  1995,  only  a  47%  increase  over  the 
number  of  trips  taken  in  1985;  however,  CPUE  decreased  46%, 
from  378  pounds  per  trip  in  1985  to  205  pounds  per  trip  in  1995 
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Figure  8.  Comparison  of  tht  relationship  of  fishing  effort  to  standard- 
ized yield  for  cnmmercial  hard-shell  blue  crab  fishermen  operating 
from  counties  in  Florida  bordering  the  Gulf  of  .Mexico  (A)  and  the 
.Atlantic  (Bl,  Lbs  =  pounds. 


(Fig.  8B).  Generally,  the  substantial  increase  in  fishing  eftort  that 
has  occurred  in  gulf  coastal  counties  has  had  less  negative  impact 
on  CPUE  in  that  region  than  the  smaller  increase  in  fishing  effort 
on  the  Atlantic  coast  has  had  on  the  CPUE  of  that  region. 

To  reflect  the  current  and  possible  future  condition  of  Florida's 
blue  crab  fishery  accurately,  some  mention  must  also  be  made  of 
the  wholesaling,  processing,  and  distributing  sectors  of  the  fishery. 
In  Florida,  the  capacity  for  seafood  processing  is  exceptionally 
high.  Employment  and  income  levels  in  the  seafood  processing 
sector  are  some  of  the  highest  in  the  U.S.A.  (Keithly  et  al.  1988a); 
this  is  a  consequence  of  the  extent  of  the  coastline,  high  harvest 
levels  of  seafood,  and  the  winter  tourist  population.  Roughly  two- 
thirds  of  the  consumption  of  seafood  in  the  state  occurs  from 
December  through  March,  coincident  with  the  open  season  for 
most  fisheries  and  the  peak  tourist  season. 

Shellfish  products  account  for  95%  of  the  total  value  of  all 
processed  seafood  in  Florida,  and  shrimp,  blue  crab,  and  oysters 
account  for  95%  of  that  value  (Keithly  etal.  1988a).  Between  1970 
and  1985.  the  largest  relative  growth  in  the  processing  of  these  key 
species  was  in  blue  crabs.  The  ability  to  maintain  this  growth 
depended  principally  on  two  elements:  ( 1 )  the  development  of 
markets  to  maintain  or  increase  demand  for  processed  products; 
and  (2)  the  ability  to  maintain  raw  material  inputs.  Florida  shrimp 
processors  rely  heavily  on  imports  to  maintain  production;  more 
than  70%  of  the  current  shrimp  supply  comes  from  imports  (Upton 
et  al.  1992).  Until  recently  this  was  not  the  case  with  the  blue  crab 
supply,  which  historically  has  relied  upon  domestic  production. 
However,  in  recent  years  Florida  crab  meat  processors  have  had  to 
compete  against  a  persistently  increasing  market  of  picked  crab 
meat  imported  from  Asian  and  Latin  American  countries  (Oester- 
ling  and  Petrocci  1995).  Also,  sales  of  imitation  crab  meat  (surimi) 
have  grown  rapidly  during  the  1980s  and  1990s;  the  sale  of  surimi 
has  exceeded  the  sales  of  all  natural  crab  products  on  a  per-weight 
basis  since  1985.  Imitation  crab  meat  is  the  leading  surimi-based 
food  in  the  U.S.A.;  in  1989.  consumption  approached  approxi- 
mately 50  million  pounds.  This  product  has  filled  niches  in  the 
market  that  natural  crab  meat  cannot  fill  at  current  prices  (Von- 
druska  1986). 

On  a  positive  note,  the  market  for  blue  crab  products  in  Florida 
and,  indeed,  the  entire  U.S.A.  has  undergone  radical  changes  in  the 
past  few  years.  Blue  crab  landings  have  remained  fairly  stable; 
whereas,  landings  of  king  and  dungeness  crabs  have  declined, 
allowing  blue  crab  products  to  occupy  a  greater  percentage  of  the 
market.  In  addition,  four  factors  have  helped  to  sustain  profitability 
in  the  Florida  blue  crab  fishery:  ( 1 )  replacement  of  an  aging  female 
labor  force  in  the  processing  sector  by  Southeast  Asians  (Steele 
and  Perry  1990);  (2)  increased  demand  for  crabs  in  the  valuable 
"steamer"  or  live-market  trade;  (3)  increased  growth  in  dispos- 
able income  of  the  consumer  (Rhodes  1982;  Prochaska  et  al. 
1982):  and  (4)  assignment  of  the  fishery  status  "restricted  spe- 
cies" to  blue  crabs.  The  restricted  species  status  prohibits  com- 
mercial fishing  of  blue  crabs  by  fishermen  making  less  than  $5,000 
or  25%  of  their  annual  income  from  commercial  fishing  activities. 
This  rule  prohibits  some  part-time  crabbers  from  fishing  during 
times  of  high  production  and  market  value  and,  therefore,  keeps 
them  from  collecting  windfall  profits  at  the  expense  of  other  com- 
mercial fhshermen. 

Biological,  fisheries,  socioeconomic,  and  technological  issues 
affect  aspects  of  the  blue  crab  fishery  in  Florida.  Loss  of  critical 
estuarine  habitat  necessary  for  blue  crab  growth  and  reproduction 
is  accelerating  in  Florida.  Human  population  growth  and  industrial 
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growth  in  southeastern  coastal  regions  are  responsible  for  the  an- 
nual alteration  or  destruction  of  approximately  1%  of  estuarine 
habitats  necessary  for  the  survival  of  commercial  and  recreational 
species  (Klima  1988).  Oscillations  in  annual  blue  crab  production 
are  intluenced  by  economics,  changes  in  fishing  effort,  and  cycles 
in  blue  crab  abundance  (Guillory  et  al.  1996).  Furthermore,  the 
dramatic  increase  in  effort  in  the  Florida  blue  crab  fishery  during 
the  1990s  may  soon  begin  having  a  more  direct  impact  on  year- 
class  strength,  contributing  to  greater  fluctuations  in  annual  harvest 
levels.  As  a  fishery  matures  and  fishing  effort  increases,  a  larger 
proportion  of  the  standing  stock  is  harvested,  and  variability  in 
stock  abundance  coupled  with  fluctuations  in  environmental  con- 
ditions results  in  greater  fluctuations  in  the  commercial  harvest 
(Caddy  1984;  Rogers  et  al.  1990).  Utilization  of  crab-processing 
wastes  (e.g.,  calcareous  body  parts)  is  also  becoming  an  increas- 
ingly difficult  problem  in  Florida  because  of  the  closure  of  many 
upland  landfills  and  concern  over  the  impact  of  point-source  dis- 
charge of  processing  waste  on  coastal  waters.  Also,  gear  conflicts 
exist  between  various  u,ser  groups  (e.g.,  recreational  fishermen  and 
crabbers  [Steele  and  Perry  1990],  shrimpers  and  crabbers  [Overbey 
1992]).  Such  conflicts  will  likely  increase  and  affect  blue  crab 
fishermen  as  the  recreational  sector  expands  and  commercial  fish- 
ing effort  shifts  into  Florida's  crustacean  fisheries  because  of  the 
recent  ban  on  entangling  nets  in  Florida  waters.  Other  high-priority 
issues  in  the  Florida  blue  crab  fishery  include  capture  and  harvest 


of  sublegal  crabs,  ghost  traps  (lost  traps  that  are  still  actively 
fishing),  trap  and  crab  theft,  peeler  crab  availability,  lack  of  bait  for 
crab  traps,  and  enforcement  problems. 

Based  on  recent  landings,  the  population  level  of  blue  crabs  in 
Florida  waters  seems  to  be  relatively  stable.  However,  the  number 
of  blue  crab  fishers,  number  of  traps  in  the  fishery,  and  number  of 
traps  per  fisher,  have  all  increased  simultaneously.  Thus,  standard- 
ized yield  has  decreased,  particularly  in  recent  years.  These  issues, 
along  with  the  biological,  socioeconomic,  and  environmental  con- 
cerns outlined  above  must  be  addressed  by  the  state's  fisheries 
management  and  environmental  protection  agencies  if  proper  uti- 
lization and  conservation  of  this  valuable  marine  resource  is  to  be 
ensured. 
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.\BSTRACT  With  an  e.x-vessel  value  of  more  Ihan  $S  million  in  1995.  the  blue  crab  (Calliiwctes  sapklus  Rathbun)  stock  supports 
Georgia's  second  largest  commercial  .seafood  industry.  In  1995.  there  were  248  licensed  commercial  crabbers  fishing  appro.ximately 
36.000  traps.  Economic  conditions  in  the  industry  are  generally  good  because  of  the  high  price  commanded  by  the  live  crab  and  soft 
crab  trades.  The  advent  of  the  live  crab  trade  had  a  severe  impact  on  the  processing  (picking)  plant  sector,  with  only  three  plants 
remaining  open.  Although  reported  commercial  landings  of  blue  crab  have  decreased  (up  to  40%  below  the  historical  average  since 
the  early  1980s),  landings  have  remained  constant  over  the  past  decade,  averaging  approximately  3  x  10"  kg  per  year.  This  information 
coupled  w  ith  effort  data  and  experimental  traw  I  survey  data  indicates  a  decline  in  blue  crab  stock  abundance  attributable  to  some  extent 
to  overfishing.  Recent  biological  research,  focusing  on  the  impact  of  environmental  factors,  has  found  a  relationship  between  variations 
in  river  discharge  and  stock  abundance.  Current  biological  research  is  oriented  toward  developing  comprehensive  stock  abundance 
modeling.  A  sociological  profile  of  the  industry  was  recently  completed,  the  results  of  which  are  being  incorporated  into  management 
strategies.  Management  and  conservation  activities  include  expanded  development  of  the  controlled  access  program  and  implementing 
a  crab  u-ap  recycling  program. 

KEY  WORDS:     CallmecUis  sapulus.  blue  crab,  controlled  access,  fishery  management,  gear  recycling 


INTRODUCTION 

The  South  Atlantic  blue  crab  [Callineclus  sapidus.  Rathbun) 
substock  historically  has  supported  the  second  most  valuable  com- 
mercial marine  fishery  in  Georgia.  Landings  had  been  decreasing 
each  year  since  the  eariy  1980s,  but  recent  increases  in  landings 
and  market  value  indicate  the  fishery  may  be  recovering.  Until 
recently,  research  and  management  efforts  directed  at  this  fishery 
had  been  limited.  Early  efforts  historically  focused  on  economic 
evaluation  and  the  potential  market  expansion  of  the  industry'  (Car- 
ley  and  Frisbie  1968a.  Carley  and  Frisbie  1968b.  Cato  and 
Prochaska  1981).  In  response  to  a  decline  in  the  abundance  of 
marketable  crabs  in  the  South  Atlantic.  Mahood  et  al.  (1970)  un- 
dertook an  investigation  seeking  to  delineate  significant  biological 
factors.  Recent  research  has  been  more  concerned  with  environ- 
mental- and  fishing-related  impacts  on  stock  abundance.  Manage- 
ment efforts  have  been  reoriented  toward  maintaining  the  eco- 
nomic integrity  of  the  industry  while  protecting  stock  abundance. 
Concurrently,  industry  participation  in  the  management  process 
has  evolved  toward  developing  a  more  professional,  resource  con- 
scious industry. 

THE  COMMERCIAL  FISHERY 

Hard  Blue  Crabs 

After  a  decline  in  total  kg  landed  from  1981  to  1987.  the 
landings  of  hard  blue  crabs  have  steadily  increased  (Fig.  I ).  Hard 
blue  crab  landings  in  1995.  approximately  4.2  x  10"  kg,  were  the 
highest  recorded  since  1984  and  were  equal  to  the  long-term  av- 
erage, 1956  to  1995.  These  total  landings  for  1995  exceed  the 
10-year,  shon-term.  average  1986  to  1995,  by  approximately 
680,000  kg. 

The  value  of  the  hard  blue  crab  harvest  has  increased  dramati- 
cally since  the  late  1980s,  from  approximately  $3  million  in  1988 
to  slightly  more  than  S5  million  in  1995  (Fig.  2).  The  increase  is 
likely  the  result  of  a  market  shift  toward  the  live  bushel  trade  from 
the  picking/processing  sector.  In  the  1960s,  neariy  all  crabs  har- 
vested were  sold  to  picking/processors  (Carley  and  Frisbie  1968a). 


The  market  began  to  shift  in  the  eariy  1990s.  In  1992,  82%  of  all 
hard  blue  crabs  were  sold  to  picking  plants.  By  1995,  only  53%  of 
the  harvest  was  sold  to  picking  plants.  The  shift  in  market  may 
actually  have  occurred  in  the  early  or  mid-1980s.  Cash  transactions 
involving  small  quantities  of  crabs  are  much  more  prevalent  in  the 
live  bushel  trade,  making  under-reporting  of  landings  more  com- 
mon. Anecdotal  information  obtained  from  a  number  of  commer- 
cial crabbers  suggests  that  landings  could  be  under-reported  by  as 
much  as  20  to  40%.  This  percentage  represents  individual  sales  of 
small  quantities  of  crabs  sold  for  cash. 

Impacts  to  the  picking  sector  of  the  industry  have  been  sub- 
stantial. During  the  1960s  and  1970s,  there  were  four  picking 
plants  operating  up  to  three  shifts  a  day.  Now.  three  picking  plants 
operate  one  shift  a  day  when  crabs  are  plentiful.  Currently,  there 
are  51  dealers  buying  live  crabs  for  the  bushel  trade,  while  only  21 
are  buying  picking  crabs. 

Variability  in  the  ex-vessel  value  of  crab  landings  from  year  to 
year  is  at  least  partially  attributable  to  two  events  in  addition  to 
inflation:  ( 1 )  the  scarcity  of  blue  crabs  in  other  areas  is  a  cause  for 
an  increase  in  value;  therefore,  the  bushel  trade  likely  has  acted  to 
fill  the  market  void  created  by  the  decline  of  landings  in  the  Mid- 
Atlantic  region  (U.S.  Department  of  Commerce  1992.  1993):  (2)  a 
decrease  in  value  during  the  years  1988  to  1991  may  have  resulted 
from  market  competition  from  imported  crab  meats  (U.S.  Depart- 
ment of  Commerce  1991). 

With  this  change  in  primary  buyer  has  come  an  increase  in  the 
ex-vessel  value  per  kg.  During  the  1960s,  crabs  yielded  an  average 
of  $0.07  to  $0.11  per  kg  (Cariey  and  Frisbie  1968b).  This  low  price 
was.  in  part,  attributed  to  the  inferior  quality  of  the  crabs  that  were 
harvested  primarily  by  shrimp  trawls  (Cato  an  Prochaska  198 1 ).  At 
present,  crabs  caught  in  pots  and  traps  can  bring  as  much  as  $1.10 
per  kg:  whereas,  trawl-caught  crabs  can  bring  up  to  $0.77  per  kg. 
The  increase  in  price  paid  for  trawl-caught  crabs  is  a  result  of 
market  competition  between  the  picking/processor  and  live  bushel 
trade  sectors. 

,As  indicated,  the  percentage  of  the  harvest  by  gear  type  has 
changed  significantly  o\er  the  past  few  decades  (Fig.  3).  More 
than  70%^  of  all  hard  blue  crabs  landed  in  1964  were  captured  in 


4.5  1 


452 


Evans 


{^Jc^■<rln^D^-coalO■'-c^lco■^u^^Dr^ooa)0»~c^JcoT!■l^ 
fCr-.^^f.h-kf--t--ooooooa>P!op9090coo>p)p>g>pa> 

Figure  1.  Georgia  hard  blue  crab  landings.  1972-1995. 

trawls,  and  25%  were  landed  from  traps.  The  percentage  landed  ni 
traps  increased  to  99%  by  1995.  The  other  1%  was  landed  in  otter 
trawls.  The  decline  in  trawl  landings  is  attributable  to  the  closure 
of  the  sounds  to  trawling  in  1977. 

The  trap  fishery  for  hard  blue  crabs  operates  throughout  the 
year.  Seasonally,  landings  are  lowest  in  January  and  increase  dur- 
ing the  spring  months  (Fig.  4).  The  peak  months  are  June  to  Oc- 
tober, with  landings  averaging  more  than  2.2  x  10''  kg  a  month 
during  this  period. 

A  total  of  248  commercial  crabbers  held  a  license  during  the 
1995/96  license  year.  Prior  to  the  1995/96  season,  a  commercial 
crabbing  license  regulation  was  implemented,  and  a  moratorium 
on  the  sale  of  licenses  to  new  crabbers  was  imposed.  Before  the 
new  license  was  created,  anyone  using  a  crab  trap,  other  than  trom 
a  private  dock,  needed  a  commercial  license,  regardless  of  the 
number  of  traps  fished.  Under  the  new  regulation,  a  license  is 
required  to  fish  more  than  six  traps.  For  purposes  of  comparison, 
during  the  1993  to  1994  and  1994  to  1995  license  years,  approxi- 
mately 400  individuals  indicated  on  their  commercial  licenses  that 
they  fished  more  than  six  traps. 

The  number  of  traps  fished  in  the  Georgia  blue  crab  fishery  has 
increased  substantially,  from  the  approximately  10.000  traps 
fished  in  1975  (Fig.  5).  A  recent  survey  of  the  industry  estimated 
that  approximately  36,000  traps  were  fished  during  the  1995  to 
1996  season  (Georgia  Department  of  Natural  Resources  1995). 
Voluntary  information  obtained  from  the  craft  license  database  is 
consistent  with  this  finding,  indicating  approximately  38,100  traps 
fished  in  1995.  The  total  number  of  traps  fished  per  commercial 
crabber  ranees  from  48  to  450  (Mcintosh  1996).  and  the  mean 
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Figure  i.  Hard  blue  crab  landings  by  gear  type,  1964-1994. 

number  of  traps  fished  per  commercial  crabber  is  approximately 
150  (Georgia  Department  of  Natural  Resources  1995).  Before 
1975,  the  number  had  remained  neariy  constant  since  1950.  The 
closure  of  the  sounds  to  trawling  in  1977  removed  a  gear  contlict 
between  crab  traps  and  trawl  gear,  effectively  opening  up  a  tre- 
mendous amount  of  territory  to  the  trapping  sector  of  the  industry. 
A  small  directed  trawl  fishery  for  crabs  occurs  seaward  of  the 
sounds  during  the  winter  and  eariy  spring  months.  State  territorial 
waters  may  be  opened  from  January  through  March  for  trawlers 
using  a  4.5-  in  (11.4-cm)  mesh  net.  Knobbed  whelk  (Busycon 
carica  Rathbun)  also  have  become  a  primary  target  in  this  trawl 
fishery.  On  average,  1%  of  the  crab  harvest  per  annum  is  produced 
by  this  fishery.  Landings  in  1995  were  656  kg  valued  at  $1,112.  A 
total  of  88  trawlers  landed  crabs  and/or  whelk  during  the  1995 
winter  trawl  season.  Whelk  landings  for  1995  were  252.709  kg 
valued  at  $336,653.  There  are  currently  1 1  seafood  dealers  buying 
and  selling  whelk  in  Georgia. 

Peeler  and  Soft-Shell  Crabs 

The  advent  of  Georgia's  soft  shell  crab  industry  occured  in  the 
niid-198()s  (Christian  et  al.  1987).  An  analysis  of  landings  and 
license  data  seems  to  validate  this  observation  and  indicates  two 
distinct  stages  in  the  closely  related  peeler  and  soft-shell  crab 
industries.  The  period  1982  to  1987  indicates  a  developmental 
stage.  The  fishery  then  became  established  in  the  late  1980s.  Spe- 
cifkally,  average  landings.  1982  to  1987,  for  peelers  (premolt)  and 
soft-shells  were  4.209  and  2,875  kg,  respectively  (Fig.  6).  Average 
landings  increased  to  16,854  (peelers)  and  1 1,906  kg  (soft-shells) 
during  the  period  1988  to  1995.  Concurrently,  the  average  number 
of  peeler  and  soft-shell  dealers  nearly  doubled  from  four  (peeler) 
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Figure  4.  Average  hard  blue  crab  landings  by  niimlh,  19.';6-1995. 
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Figure  5.  Estimated  traps  fished,  1950-1995. 

and  five  (soft-shell)  during  the  period  1982  to  1987  to  seven 
(peeler)  and  1 1  (soft-shell)  during  the  period  1988  to  1995. 

These  stages  are  also  indicated  by  the  average  ex-vessel  value 
per  kg.  The  price  per  kg  for  peelers  ranged  from  SI. 93  to  S2.73 
from  1982  to  1987.  From  1988  to  1995.  the  range  was  $2.20  to 
S3.34.  but  in  the  last  6  years,  1990  to  1995,  remaining  consistent 
at  around  $3.30.  The  range  in  price  for  soft  crabs  was  $5.06  to 
$10.89  from  1982  to  1987.  From  1988  to  1995  the  range  was  S8.7I 
to  513.64. 

Total  peeler  landings  and  ex-vessel  value  reached  record  highs 
in  1995.  Landings  of  21,933  kg  valued  at  $72,753  were  recorded. 
These  landings  are  well  above  the  short-term  annual  average  of 
16.854  kg.  The  soft-shell  industry  yielded  a  record  value  of  land- 
ings and  record  price  per  kg  of  $13.64  in  1995  (Fig.  7).  Landings 
were  slightly  higher  than  the  short-term  average  of  1 1 ,906  kg. 

Peeler  and  soft-shell  crab  landings  are  seasonal,  with  the  ma- 
jority of  landings  occurring  during  April.  May.  and  September 
(Fig.  8).  Both  are  primarily  spring  fisheries,  with  approximately 
759^  of  the  landings  occurring  during  the  months  of  April  and  May 
and  the  remaining  25^^  landed  during  September. 

Stale,  Regional,  and  Salional  Comparisons 

Hard  blue  crab,  peeler  crab,  and  soft-shell  crabs  are  among  the 
ten  most  valuable  seafood  products  landed  in  Georgia.  Hard  blue 
crab  landings  are  second  only  to  shrimp  in  ex-vessel  value.  Hard 
blue  crab  landings,  in  1995,  had  an  ex-vessel  value  of  $5,021,382, 
or  14.7<7r  of  the  total  ex-vessel  value  of  Georgia's  seafood  harvest. 
Comparatively,  the  ex-vessel  value  of  shrimp  landings  in  1995  was 
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Figure  7.  Ex-vessel  of  peeler  and  soft-shell  crab  landings,  1982-1995. 

$26,880,912.  or  78.7%  of  ex-vessel  value  of  all  seafood  landings 
(Fig.  9). 

Peeler  crabs  are  the  ninth  most  valuable  seafood  product  in 
Georgia,  with  an  ex-vessel  value  of  $72,653  in  1995.  Soft-shell 
crabs  are  the  sixth  inost  valuable  at  $180,839.  Combined,  hard  blue 
crab,  peeler,  and  soft-shell  landings  had  an  ex-vessel  value  of 
nearly  $5.3  million  in  1995. 

In  1994.  Georgia  hard  blue  crab  landings,  in  pounds,  repre- 
sented 11.5%  of  the  Southeast  regional  total.  This  proportion  has 
been  steadily  decreasing  in  recent  years,  down  from  23%  in  1979. 
On  the  national  level,  Georgia  hard  blue  crab  landings  comprised 
4.2%  of  the  total  in  1994  (U.S.  Department  of  Commerce  1994). 

THE  RECREATIONAL  FISHERY 

Recreational  crabbing  is  a  very  popular  activity  in  coastal 
Georgia.  Even  so,  the  number  of  participants,  demographics,  and 
characteristic  fishing  behaviors  are  still  relatively  unknown.  To 
date,  there  have  been  two  attempts  directed  at  gathering  this  in- 
formation about  the  recreational  crab  fishery.  Another  study  ob- 
tained information  regarding  recreational  crabbing  activity  inci- 
dentally during  a  study  of  commercial  crabbers. 

Absher  ( 1988)  conducted  a  telephone  survey  of  the  two  most 
populous  coastal  counties.  Chatham  and  Glynn,  in  1987.  The  sur- 
vey results  indicated  that  12.4%,  or  12.554  households,  in  the  two 
counties  participated  in  recreational  crabbing.  The  average  number 
of  trips  per  household  totaled  just  under  7  per  year.  The  most 
popular  crabbing  platforms  were  found  to  be  boats  or  public  docks 
or  piers.  Baited  lines,  folding  traps,  and  lift  rings  were  the  most 
common  gear  types. 

In  1991,  the  National  Marine  Fisheries  Service  (NMFS)  con- 
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7  peeler  crabs  and  9  softshells  to  the  kilogram 
Figure  6.  Georgia  peeler  and  soft-shell  crab  landings,  1982-1995. 


Figure  8.  Seasonal  peeler  and  soft-shell  crab  landings,  1989-1995. 
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Figure  9.  Comparative  value  of  Georgia  seafood  landings,  1995. 


ducted  a  special  add-on  telephone  survey  to  the  Georgia  segment 
of  the  Marine  Recreational  Fisheries  Statistics  Survey.  This  survey 
included  questions  focusing  on  participation  in  recreational  crab- 
bing. From  this  survey,  it  was  estimated  that  the  number  of  house- 
holds participating  in  recreational  crabbing  in  Georgia  during  1991 
totaled  20.466  (Pritchard  199.S). 

A  limited  demographic  profile  and  description  of  fishing  be- 
havior of  recreational  crabbers  during  the  1 994  to  1 995  season  was 
provided  by  Mcintosh  (1996).  A  personal  interview  survey  instru- 
ment targeting  commercial  crabbers  produced  a  small  number  of 
intercepts  of  recreational  crabbers  (n  =  13).  Of  those  interviewed, 
all  were  male  with  a  mean  age  of  55.  Slightly  more  than  90%  had 
been  educated  beyond  the  high  school  level.  Almost  all  were  mar- 
ried and  had  children.  Occupations  ranged  from  maintenance 
worker  to  former  state  senator.  Approximately  75%  were  born  in 
Georgia.  All  of  those  interviewed  used  crab  traps  as  the  primary 
gear,  and  appro.ximately  30%  used  a  baited  string  as  well.  The 
mean  number  of  traps  used  was  five  with  the  mean  number  of  trips 
during  the  previous  year  equaling  21.  Although  crabbing  was  not 
considered  to  be  a  primary  recreational  activity,  those  interviewed 
ranked  crabbing  a  combined  third  out  of  all  recreational  activities. 
The  most  popular  substitute  activities  for  crabbing  were  generally 
water  related. 


BIOLOGICAL  RESEARCH 

Direct  biological  or  gear  technology  research  on  Georgia's  blue 
crab  stock  and  associated  industry  has  been  limited.  Historically, 
data  on  the  biology  of  the  blue  crab  have  been  gathered  indirectly 
through  shrimp  stock  assessments  conducted  with  trawl  gear.  The 
limited  number  of  personnel  and  the  small  agency  budget  have 
dictated  an  emphasis  on  applied  research  as  management  issues 
warrant.  The  shrimp  fishery,  the  state's  most  valuable,  has  re- 
ceived the  greatest  focus  by  the  Commercial  Fisheries  Program  to 
date. 

Previous  research  efforts,  as  well  as  current  efforts,  have  at- 
tempted to  qualify  and  quantify  biological  parameters  related  to 
the  Georgia  blue  crab  substock  (Mahood  et  al.  1974,  Palmer  1974, 
Knowlton  1979,  Baisden  I9S3,  Music  1994).  The  primary  goals 
and  objectives  of  each  of  these  studies  are  similar  and  include, 
generally,  the  determination  of  distribution,  seasonal  ahiindance, 
and  size  composition  of  the  blue  crab  substock. 


Notably,  Palmer  (1974),  reporting  the  blue  crab  specific  find- 
ings of  Mahood  et  al.  (1974).  found  the  seasonal  abundance  of 
commercial  sized  crabs  to  be  April  to  December  for  males  and 
April  to  October  for  females.  Palmer  (1974)  documented,  on  a 
yearly  basis,  higher  occurrences  of  males  in  the  creeks  and  higher 
percentages  of  females  in  the  sounds  and  outside  waters.  The 
duration  of  the  spawning  season  was  also  documented,  because 
sponge  crabs  were  found  to  be  most  abundant  from  April  to  Au- 
gust along  the  entire  coast.  It  was  noted  by  Mahood  et  al.  ( 1974) 
that  opening  and  closing  of  the  sounds  to  fishing  greatly  affected 
catches  in  sections  of  the  study  area.  Consequently,  these  data  do 
not  accurately  reflect  abundance  trends  on  a  monthly  basis. 

The  results  of  a  3-year  segment,  1991  to  1993,  of  the  continu- 
ous assessment  of  Georgia's  marine  fishery  resources  was  pre- 
sented by  Music  (1994).  Shrimp  and.  to  a  lesser  extent,  crabs  were 
the  main  focus  of  a  fishery-independent  trawl  survey  designed  to 
maintain  continuity  of  a  historical  data  base  spanning  nearly  25 
years.  Data  collected  for  blue  crabs  include:  sex.  carapace  width, 
ecdysis  stage,  maturity,  total  number,  and  total  weight.  From  these 
data,  proper  evaluation  of  the  principles  of  wildlife  research  and 
management  as  mandated  by  Georgia  law  (O.C.G.A.  27-4-130)  is 
possible.  These  timely  data  allow  for  analysis  and  interpretation  in 
making  cun-ent  management  decisions.  Research  conducted  to 
maintain  this  source  of  information  is  summarized  yearly  in  proj- 
ect reports  to  the  funding  agency,  NMFS. 

Rogers  and  Latham  (1990)  demonstrated  a  close  relationship 
between  the  size  of  the  South  Atlantic  blue  crab  substock  and  the 
environment.  An  analysis  of  historical  blue  crab  catch,  trends  in 
fishing  effort,  experimental  trawl  data,  and  environmental  data 
from  Georgia  waters  indicated  a  greater  than  70%  effect  of  envi- 
ronmental factors  on  stock  density.  Specifically,  natural  and  an- 
thropogenic events  affecting  the  volume  of  fresh  water  input  to  the 
Georgia  estuary  system  significantly  affect  blue  crab  abundance. 
According  to  Rogers  and  Latham  (1990)  these  factors  have  con- 
tributed to  growth  overfishing,  or  a  reduction  in  yield  per  recruit. 

A  decline  in  catch  per  unit  effort  (CPUE)  over  the  previous  20 
years  was  also  noted  by  Rogers  and  Latham  (1990).  This  assess- 
ment was  based  on  an  increase  in  the  number  of  participants  in  the 
fishery,  an  increase  in  the  number  of  traps  fished,  and  a  decline  in 
reported  landings.  Mcintosh  (1995)  also  reported  evidence  of 
growth  overfishing,  citing  the  decline  in  CPUE  noted  by  Rogers 
and  Latham  (1990).  a  decrease  of  over  20%  in  yield  per  crab 
(meats),  an  increase  in  the  number  of  violations  for  possession  of 
sublegal  crabs,  and  survey  data  revealing  a  reported  decreasing 
trend  in  catch  per  trap. 

In\  estimations  of  fisheries  gear  technology  in  Georgia  have 
traditionally  been  undertaken  by  the  University  of  Georgia  Marine 
Extension  Service,  In  an  attempt  to  increa.se  gear  technology  in  the 
peeler  crab  industry.  Christian  et  al,  (1987)  investigated  the  har- 
vesting effectiveness  of  six  trap  types.  The  purpose  of  their  study 
was  to  increase  the  availability  of  rank  peelers  (late  moll  stage)  to 
the  still  developing  soft-shell  crab  fishery.  At  that  time,  peelers 
were  typically  harvested  incidentally  in  hard  crab  traps  and  were 
subject  to  a  high  rate  of  mortality.  The  siiidy  results  indicated 
reduced  habitat  and  Maryland  habitat  traps  produced  the  greatest 
number  of  rank  peelers. 

Significant  seasonal  catch  information  was  collected  during 
this  study.  The  three-quarter  moon  phase  during  May,  June,  and 
July  was  found  to  be  the  period  of  peak  abundance  for  rank  peel- 
ers. Catches  of  white  sign  stage  males  were  highest  in  February 
and  March.  Preferable  depth  and  water  temperature  for  all  stages 
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were  1  to  2  meters  and  25°C.  respectively.  However,  these  data 
were  limited,  because  they  were  specific  to  one  tidal  creek. 

SOCIAL  AND  ECONOMIC  RESEARCH 

As  was  the  ca,se  for  biological  data,  early  social  and  economic 
data  for  the  crab  fishery  were  collected  as  part  of  larger  studies 
focusing  on  the  shrimp  industry  or  the  seafood  industry  as  a  whole. 
In  an  economic  analysis  of  the  Georgia  seafood  industry.  Carley 
and  Frisbie  (1968a)  reported  Georgia's  blue  crab  fishery  to  be 
second  in  over-all  value,  comprising  \29c  of  all  seafood  landings 
(kg).  Carley  and  Frisbie  ( 1968b)  and  Cato  and  Prochaska  (1981 ) 
described  the  commercial  crabbing  industry  as  loosely  defined, 
with  \ariability  in  panicipalion  rates  directly  attributable  to  the 
success  of  the  shrimping  industry. 

In  addition.  Carley  and  Frisbie  (1968b)  described  the  average 
crabber  as  catching  up  to  453  kg  per  day,  fishing  75  to  100  traps 
per  day,  which  yielded  3.5  to  5.5  kg  per  trap  per  day.  The  low 
price,  $0.07  to  SO.  1 1  per  kg,  of  crabs  was  determined  to  provide 
little  incentive  to  invest  and  fish  for  crabs  more  extensively. 

Almost  20  years  later.  Mcintosh  (1995)  suggested  that  the  blue 
crab  fishery  is  now  suffering  from  overcapitalization.  This  asser- 
tion was  based  on  the  observation  that  the  increase  in  the  number 
of  traps  fished  has  not  been  accompanied  by  a  similar  increase  in 
kg  landed. 

The  first  comprehensive  sociocultural  profile  of  the  industry 
was  documented  by  Mcintosh  (1996).  The  purpose  of  this  survey 
was  to  provide  sociocultural  and  economic  information  for  the 
evaluation  of  management  alternatives,  specifically,  controlled  ac- 
cess to  the  fishery.  This  survey,  inclusive  of  full-time  and  part-time 
crabbers,  found  both  groups  to  be  a  stable  resident  population.  The 
majority  of  both  groups  are  married,  parents,  bom  in  Georgia,  and 
fish  close  to  their  homes.  A  majority  of  the  full-time  crabbers  had 
fished  for  more  than  5  years  and  year  round.  More  than  one-third 
of  the  part-time  crabbers  had  fished  less  than  5  years,  and  only  a 
quarter  fished  year  round. 

More  than  90%  of  the  full-time  crabbers  reported  earning  all  of 
their  income  from  crabbing.  Overall,  the  negative  impact  of  not 
being  able  to  crab  was  determined  to  be  quite  substantial.  Con- 
versely, the  highest  percentage  of  income  attributed  to  crabbing  by 
a  part-time  crabber  was  30%.  Issues  of  importance  included  a 
declining  catch  per  unit  of  effort,  gear  thetVconnicts.  spatial  con- 
flicts, a  perceived  lack  of  law  enforcement,  and  the  taking  of 
sponge  crabs. 

MANAGEMENT  STRUCTURE 

The  Georgia  General  Assembly  has  authority  under  O.C.G.A. 
Title  12  to  implement  marine  fisheries  policy.  A  considerable 
amount  of  this  authority  has  been  delegated  to  the  Board  of  Natural 
Resources  (Board),  which  under  O.C.G.A.  Title  27-1-4,  has  the 
authority  to  promulgate  rules  regarding  times,  places,  and  methods 
of  taking  wildlife.  Members  of  the  Board  are  appointed  by  the 
Governor.  However,  blue  crabs  are  primarily  regulated  through 
O.C.G.A.  Title  27-4-150  and  27-4-151.  and.  to  a  lesser  extern,  by 
the  Board. 

The  Department  of  Natural  Resources  (Department)  is  under 
the  oversight  of  a  Commissioner  appointed  by  the  Governor.  Pur- 
suant to  the  authority  of  the  Board  of  Natural  Resources,  the  Com- 
missioner acts  as  liason  between  the  Department  and  the  Board. 

The  Marine  Fisheries  Section  (Section)  of  the  Department's 
Coastal  Resources  Division  (Division)  is  responsible  for  the  day- 


to-day  management  activities  associated  with  the  blue  crab  stock 
and  related  commercial  industry.  The  Section  monitors  the  status 
of  marine  fisheries  resources  and  associated  commercial  and  rec- 
reational industries,  collects  important  data,  and  formulates  stat- 
utes and  rules,  as  appropriate,  for  adoption  by  the  Legislature  or 
the  Board. 

Public  and  industry  input  is  an  important  part  of  the  manage- 
ment paradigm  employed  by  the  Section.  Established  in  1974,  the 
Coastal  Fisheries  Advisory  Commission  (CFAC)  provides  general 
advice  and  guidance  to  the  Division  regarding  its  current  assess- 
ment and  management  practices,  fisheries  programs,  and  other 
activities.  The  membership  of  the  CFAC  is  composed  of  commer- 
cial, recreational,  and  environmental  interests.  Members  are  ap- 
pointed jointly  by  the  Commissioner,  Division  Director,  and  the 
Section  Chief  The  CFAC  is  presided  over  by  an  internally  elected 
Chairman  and  recommends  to  the  Division  and  Department,  policy 
and  procedures  to  ensure  wise  use  of  Georgia's  coastal  fishery 
resources. 

To  specifically  address  crab-related  issues,  a  Blue  Crab  Issues 
Subcommittee  (Subcommittee)  was  appointed  in  1993  by  the 
CFAC  to  provide  industry  input  in  the  management  of  Georgia's 
blue  crab  fishery.  Membership  of  this  Subcommittee  is  composed 
of  commercial  and  recreational  crabbers  and  dealers.  One  member 
of  the  current  Subcommittee  is  the  president  of  the  Georgia  Wa- 
terman's Association,  the  crabbing  industry's  professional  organi- 
zation. This  Subcommittee  has  evolved  into  a  primary  source  of 
management  information  and  a  barometer  of  important  issues.  This 
style  of  cooopertive  management  has  become  integral  to  the  De- 
partment's initiative  in  becoming  more  customer  oriented. 

Also  consulted  in  the  management  process  are  law  enforcement 
personnel  with  the  Department's  Wildlife  Resources  Division.  Ap- 
propriately, all  new  rules  or  proposed  rule  changes  are  submitted 
for  review  to  determine  issues  associated  with  enforceability.  More 
recently,  law  enforcement  has  taken  a  very  pro-active  approach 
in  addressing  enforcement  concerns  of  the  industry  through  the 
Subcommittee.  Individuals  operating  without  a  crabbing  license, 
the  taking  of  undersized  crabs,  and  theft  are  primary  issues  of 
concern. 

STATUTES,  RULES,  AND  REGULATIONS 

Came  and  Fish  Code 

The  Georgia  Game  and  Fish  Code  (O.C.G.A.  27-1-4)  contains 
specifications  for  legal  size  limits,  the  use  of  crab  traps,  dealing  in 
peelers  and  soft-shells,  crab  license  requirements,  and  the  trawling 
season  and  gear.  A  single  Rule,  requiring  escape  rings  in  all  crab 
traps,  has  been  adopted  by  the  Board  of  Natural  Resources  as  of 
May  1996.  A  proposed  Rule  defining  and  exempting  peeler  crab 
traps  from  this  requirement  is  currently  under  consideration. 

Promulgated  in  1955.  the  minimum  size  limit  for  possessing 
hard  blue  crabs  is  currently  5  inches  (12.7  cm.  measured  from 
spike  to  spike  across  the  back).  This  law  was  amended  in  1979  to 
allow  the  harvest  and  possesion  of  mature  adult  female  hard  blue 
crabs  regardless  of  size.  Peeler  crabs  must  measure  3  inches  (7.62 
cm.  measured  from  spike  to  spike  across  the  back)  to  possess.  The 
size  limit  for  peelers  took  effect  in  1976.  when  the  state  legislature 
officially  defined  crab,  peeler,  and  soft-shell  crabs  within 
O.C.G.A.  27-1-2. 

The  1976  legislative  changes  also  delineated  specifications  for 
dealing  in  soft-shell  crabs  and  peelers.  Any  person  taking  peelers 
or  soft-shell  crabs  could  sell  such  crabs  only  to  a  soft-shell  crab 
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dealer.  Commercial  quantities  of  peelers  (more  than  two  bushels  as 
defined  in  O.C.G.A.  27-1-2),  could  be  possessed  only  by  licensed 
commercial  fishermen  or  soft-shell  dealers.  Shedding  facilities 
could  be  operated  only  by  soft-shell  crab  dealers,  and  peelers  could 
be  purchased  only  from  licensed  commercial  fishermen. 

Regulations  that  specified  crab  trap  marking  requirements,  ar- 
eas open  to  placing  traps,  and  vessel  requirements  were  enacted  in 
1979.  Crab  traps  may  be  placed  only  in  saltwater  and  may  not  be 
placed  in  the  main  channel  of  marked  waterways  or  within  30  m  of 
a  privately  owned  dock.  In  addition,  all  traps  must  be  marked  with 
a  float  visible  from  30  m  at  slack  tide  identifiable  with  an  alpha- 
numeric identification  number  assigned  by  the  Department.  Ves- 
sels used  for  crabbing  also  must  display  an  alphanumeric  identi- 
fication number  assigned  by  the  Department. 

Before  1974,  the  taking  of  crabs  with  power-drawn  nets  from 
certain  sounds  and  outside  waters  had  been  regulated  by  the  Geor- 
gia General  Assembly.  The  areas  and  seasons  in  which  power- 
drawn  nets  could  be  used  were  redesigned  10  times  during  the  50 
previous  years.  In  1974,  the  legislature  delegated  the  authority  to 
open  these  sounds  and  outside  waters  to  the  Board  if  it  was  de- 
termined to  be  not  detrimental  to  the  conservation  of  the  crab 
stock.  A  minimum  4.5  inch  (I  1.64  cm)  stretch  mesh  webbing  was 
required. 

In  1979,  the  authority  to  open  the  specified  sounds  and  outside 
waters  to  the  taking  of  shrimp  or  crabs  with  power-drawn  nets  was 
delegated  from  the  Board  to  the  Commissioner  of  Natural  Re- 
sources. The  minimum  mesh  size  restriction  remained  the  same. 
Since  that  time,  the  sounds  were  opened  for  a  total  of  25  days 
between  1983  and  1989,  after  which  the  sounds  were  never  re- 
opened to  trawling  (Music  1994). 

The  Georgia  General  Assembly  established  a  commercial  crab- 
bing license  to  be  issued  at  the  start  of  the  1995/96  license  year.  To 
qualify  for  this  new  license,  an  individual  was  eligible  if  he  or  she 
possessed  a  valid  personal  commercial  license  for  the  1994  to  1995 
license  year  or  were  listed  as  an  owner  or  captain  on  a  1993  to 
1994  or  1994  to  1995  nontrawler  commercial  fishing  license.  In 
addition,  this  individual  must  have  sold  crabs  during  1993  to  1994 
or  1994  to  1995  license  year.  Receipts  were  required  to  verify 
these  sales.  This  license  is  nontransferable  and  is  subject  to  a 
yearly  license  fee.  Furthermore,  only  the  individual  holding  the 
license  may  operate  the  boat,  unless  prior  permission  is  obtained 
from  the  license  holder,  and  the  Department  is  notified.  The  li- 
cense holder  may  not  be  crabbing  during  the  time  in  which  he  or 
she  has  designated  someone  to  operate  the  vessel  on  his  or  her 
behalf.  Recreational  crabbing  also  was  better  defined  in  this  new 
law.  A  recreational  crabber  is  not  required  to  possess  a  license,  is 
limited  to  using  six  or  fewer  traps,  may  not  possess  more  than  one 
bushel  of  crabs  per  person  or  two  bushels  per  boat  per  day,  and 
may  not  sell  the  crabs. 

Except  for  those  qualifying  under  the  established  eligibility 
requirements,  a  moratorium  on  the  sale  of  new  crab  licenses  was 
enacted.  This  moratorium  was  to  remain  in  place  until  July  1, 
1997.  During  this  lime,  a  controlled  access  system  was  to  be  de- 
veloped and  established  within  the  blue  crab  fishery. 

At  the  present  time,  the  harvest  and  possession  of  sponge  crabs 
is  legal.  An  earlier  law,  passed  in  1957,  banning  taking  or  pos- 
sessing sponge  crabs  during  May  or  .lune  was  repealed  in  1979. 
The  only  period  during  which  the  taking  or  possessing  of  sponge 
crabs  was  banned  year  around  was  from  1955  to  1957.  From  1939 
to  1955,  the  taking  of  sponge  crabs  had  been  banned  during  Feb- 
ruary, March,  and  April. 


Board  of  Natural  Resources  Rules 

The  lone  Rule  adopted  by  the  Board  regulating  crabbing  re- 
quires all  crab  traps  to  contain  two  escape  rings  located  on  an 
outside  vertical  wall  for  the  purpose  of  allowing  juvenile  crabs  to 
escape.  These  escape  rings  must  be  unobstructed  and  measure 
6.03-cm  in  diameter. 

Crabbers  targeting  peeler  crabs  are  required  to  use  a  standard 
crab  trap  with  escape  rings.  When  the  ring  rule  was  originally 
proposed,  some  crabbers  felt  that  allowing  otherwise  legal  peeler 
crabs  to  escape  could  reduce  the  harvest  of  peeler  crabs  and  have 
a  negative  impact  on  the  Georgia  soft-shell  crab  industry.  Subse- 
quently, the  Subcommittee  recently  asked  the  Section  to  investi- 
gate the  potential  for  exempting  peeler  crab  traps  from  the  escape 
ring  rule.  Peeler  traps  are  modified  commercial  crab  traps,  con- 
structed of  a  smaller  mesh  and  baited  with  live  male  blue  crabs, 
used  to  catch  peeler  crabs,  which,  upon  shedding,  become  pre- 
mium value  soft-shell  crabs.  Peeler  traps  are  not  defined  in  the 
current  rule.  A  proposed  Rule  defining  and  exempting  peeler  traps 
from  the  escape  ring  Rule  requirement  was  recently  approved  by 
the  Board  and  will  he  effective  prior  to  the  fall  peeler  season. 

Status  of  Imw  Enforcement 

During  the  1995  ti)  1996  license  year,  179  cases  and  warnings 
were  issued  for  crabbing-related  violations.  More  than  50%  of 
these  cases  and  warnings  were  for  taking  undersized  crabs.  Ap- 
proximately $3,000  in  tines  were  assessed,  with  the  average  fine 
totaling  nearly  $1  10.  During  the  period  1991  to  1995,  the  number 
of  cases  and  warnings  issued  for  taking  undersized  crabs  increased 
substantially.  Less  than  10  violations  relating  to  undersized  crabs 
were  cited  in  1991.  An  increase  in  enforcement  intensity  raised  the 
number  of  violations  cited  to  more  than  100  in  1995.  More  than 
150  violations  were  cited  in  1994. 

To  accommodate  recent  industry  concerns  regarding  a  per- 
ceived influx  of  unlicensed  crabbers,  the  enforcement  of  crabbing- 
related  violations  has  been  elevated  to  a  high  priority  for  coastal 
law  enforcement  personnel.  A  Departmental  review  of  all  statutes, 
rules,  and  regulations  is  also  scheduled  to  occur.  Members  of  the 
Subcommittee  have  asked  for  the  opportunity  to  participate  in  this 
review  to  deterinine  if  any  obscure,  outdated,  or  unenforced  regu- 
lations need  to  be  eliminated. 

MANAGEMENT  ISSUES 

Controlled  Access/License  Moratorium 

The  new  commercial  crabbing  license  created  m  1995  primar- 
ily arose  from  concern  for  a  potential  surge  in  license  sales  result- 
ing from  Florida's  constitutional  net  ban.  Georgia's  unrestricted 
crab  fishery  was  feared  to  be  an  ideal  target  for  displaced  Florida 
net  fishermen.  It  was  argued  that  relocation  into  the  Georgia  crab 
fishery  would  have  relatively  mmimal  impacts  in  start-up  and  re- 
location costs.  The  license  moratorium  was  enacted  to  prevent 
additional  interim  exploitation  and  to  allow  time  for  the  develop- 
ment of  a  controlled  access  system. 

The  recent  decline  in  reported  landings  and  an  increase  in  fish- 
ing effort  also  provided  the  impetus  for  the  development  of  a 
controlled  acess  system  for  the  fishery.  At  present,  the  Division  is 
planning  to  contract  the  development  of  the  controlled  acces  sys- 
tem. Tentatively,  the  process  is  scheduled  to  begin  in  the  fall  of 
1996.  The  process  of  gathering  input  from  industry  members  and 
the  public  at  workshops  likely  will  begin  during  the  preceding 
summer. 
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In  ;in  effort  to  provide  a  conceptual  framework  for  use  in  the 
(Jecision-making  process,  Mcintosh  ( 1996)  reviewed  several  alter- 
native management  strategies  for  the  Georgia  blue  crab  fishery. 
License  limitation,  trap  certification,  territorial  leasing,  a  uniform 
trap  limit,  and  open  access  options  were  examined  within  the 
context  of  biological,  social,  and  economic  impacts.  tlexibilii\, 
and  enforcement  and  administrative  feasibility.  License  limitation, 
trap  certification,  and/or  a  step-wise  reduction  in  the  number  of 
traps  options  were  suggested  to  support  the  economic  base  of  the 
industry  while  reducing  fishing  effort. 

Crah  Trap  Recycling  Program 

When  Georgia's  beaches  were  opened  in  June  of  1995  to  com- 
mercial shrimp  trawling,  there  were  several  documented  occur- 
rences of  crab  traps  blocking  Turtle  Excluder  Devices  (TEDs).  As 
a  result,  turtles  trapped  behind  the  TEDs  could  not  escape.  The 
commercial  shrimp  industry  is  currently  under  intense  state  and 
federal  regulation  to  protect  sea  turtles.  The  effectiveness  of  this 
conservation  effort  is  diminished  when  crab  traps  become  lodged 
in  TEDs. 

At  subsequent  industry  ineetings.  the  primary  source  of  traps 
becoming  lodged  in  TEDs  was  determined  to  be  abandoned  traps. 
The  solution  of  choice  was  bringing  old  traps  in  for  disposal  on 
land.  This  solution  presented  logistical  problems,  because  many 
crabbers  did  not  want,  or  could  not  afford,  to  pay  landfill  fees,  and 
other  crabbers  and  dock  owners  did  not  have  the  space  on  their 
own  property  to  store  old  traps. 

The  resulting  crab  trap  recycling  program  is  a  cooperative  ef- 
fort between  the  Department,  the  NMFS.  the  Georgia  Sea  Grant 
College  Program,  private  recyclers  and  waste  haulers,  and  repre- 
sentatives of  the  crabbing  industry.  These  entities  are  working  in  a 
cooperative  effort  to  provide  a  viable  alternative  to  overboard  dis- 
posal. This  program  was  developed  to  remove  old  traps  from  the 
water  and  seeks  to  minimize  the  incidence  of  abandoned  traps 
clogging  TEDs  in  shrimp  trawls. 

The  first  phase  of  the  crab  trap  recycling  program  was  imple- 
mented for  a  1 -month  period  during  the  spring  of  1996.  Approxi- 
mately 2.5  metric  tons  of  traps  were  collected,  with  nearly  80% 
being  recycled.  Industry,  public,  and  media  support  was  over- 
whelmingly favorable.  A  second  phase  is  scheduled  for  the  fall. 

Protection  of  Sponge  Crabs 

In  response  to  a  Subcommittee  request  in  eariy  1996.  Section 
staff  presented  findings  related  to  sponge  crab  regulations  in  other 
states  and  studies  focusing  on  the  impacts  of  protecting  sponge 
(egg-bearing)  crabs.  Although  many  states  protect  sponge  crabs, 
crab  populations  continue  to  fluctuate  (Steele  and  Perry  1990). 
Studies  in  the  Gulf  of  Mexico  have  not  found  a  correlation  be- 
tween the  protection  of  sponge  crabs  and  an  increase  in  stock 
abundance  (Steele  and  Perry  1990).  Considering  this  information 
and  the  Rule  requiring  escape  rings,  the  Subcommittee  tabled  this 
issue.  The  escape  ring  Rule  is  believed  to  provide  adequate  pro- 


tection of  the  stock,  and  \cr\  little  would  he  gained  from  protect- 
ing sponge  crabs. 

Industry  Education 

To  promote  industry  awareness  and  to  facilitate  input,  the  Sub- 
committee recommended  that  an  industry  newsletter  be  developed 
and  sent  to  all  crabbers  with  license  renewal  forms.  The  first  issue 
of  the  newsletter  contained  an  announcement  of  the  crab  trap  re- 
cycling program,  a  description  of  the  Subcommittee,  an  announce- 
ment of  the  proposed  rule  exempting  peeler  traps  from  the  escape 
ring  Rule,  and  a  summary  of  1995  landings.  This  newsletter  should 
be  an  important  means  of  information  dissemination  when  the 
controlled  access  development  process  begins. 

To  rai.se  awareness  of  the  abandoned  gear  issue  within  the 
recreational  sector,  an  informational  flyer  was  distributed  to  all 
outlets  making  or  .selling  crab  traps  to  recreational  crabbers.  This 
flyer  informs  these  crabbers  of  the  need  to  weight  traps  property  so 
that  they  will  not  be  lost  in  the  strong  tidal  currents  common  in 
Georgia's  sounds  and  creeks.  Similar  information  is  also  included 
in  the  1996  to  1997  Fishing  Regulations  Guide  published  by  the 
Department. 

SUMMARY  AND  CONCLUSION 

The  recent  increase  in  landings  of  hard  blue  crabs  and  the  firm 
establishment  of  the  peeler  and  soft-shell  crab  sectors  indicate  a 
healthy  economic  situation  within  the  industry.  The  increase  in  the 
number  of  traps  fished  without  a  proportional  increase  in  landings 
possibly  indicates  a  decline  in  average  abundance.  Nevertheless, 
the  immediate  problems  facing  the  Georgia  blue  crab  substock  do 
not  seem  to  be  as  serious  as  those  problems  facing  other  states. 

The  implementation  of  the  crab  license  and  the  license  mora- 
torium has  accorded  blue  crab  research  and  monitoring  higher 
research  priority  within  the  management  structure.  Although  use- 
ful for  previous  management  practices,  the  application  of  fishery- 
independent  findings  to  the  determination  of  stock  abundance  is 
limited.  This  method  of  data  collection  is  oriented  toward  shrimp 
stock  assessment,  with  findings  related  to  blue  crabs  incidental  to 
this  primary  focus.  A  study  utilizing  traps  in.stead  of  trawls  would 
be  more  appropriate  and  would  likely  yield  a  more  accurate  index 
of  abundance.  In  addition,  historical  assessment  and  landings  data 
will  be  subjected  to  a  more  comprehensive  review  and  associated 
statistical  testing  to  determine  the  impacts  of  management  and 
other  factors  on  the  industry  and  resource. 

The  Department  is  engaging  in  a  proactive  management  strat- 
egy with  the  goal  of  providing  a  stable  economic  base  for  Geor- 
gia's second  most  valuable  seafood  industry.  As  suggested  by 
Lipcius  et  al.  (1995),  the  reduction  of  effort  through  limited  entry 
and  gear  restrictions  will  be  seriously  considered.  To  facilitate 
these  objectives,  the  Department  will  continue  cooperative  man- 
agement efforts  with  the  industry,  inclusive  of  industry  education 
and  input  into  the  management  process,  to  foster  further  develop- 
ment of  a  professional  commercial  crabbing  industry. 
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A  REVIEW  OF  THE  FISHERY  AND  BIOLOGY  OF  THE  BLUE  CRAB,  CALLINECTES  SAPIDUS, 
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ABSTRACT  South  Carolina's  blue  crab  fishery  is  dominated  by  commercial  landings,  although  an  unknown  but  large  number  of 
recreational  crabbers  participate.  Commercial  landings  of  hard  blue  crabs  average  around  2.98  x  10"  kg  per  year.  Because  of  increasing 
fishing  effort  and  value  of  blue  crab  meat,  total  annual  value  of  the  fi.shery  has  doubled  in  the  last  5  years,  approaching  $5  million. 
Most  of  South  Carolina's  landings  come  from  the  trap  fishery,  with  modest  quantities  also  coming  from  trawl  fisheries  and  mariculture. 
Catch  rates  in  the  fishery  peak  during  fall,  when  most  new  recnaits  enter  the  fishery.  Sponge  crabs  first  appear  in  early  April  and  are 
proportionally  most  abundant  during  summer,  producing  megalopae  that  enter  the  esturaries  primarily  during  fall.  Recent  analyses  of 
population  montioring  data  underscore  the  importance  of  tidal  creeks  as  nursery  areas  and  refuges  for  mating  blue  crabs.  Long-term 
fishery-independent  indices  of  abundance  (trawl  and  trap  data)  suggest  that  blue  crab  abundance  is  variable,  but  stocks  seem  to  be 
relatively  stable.  We  believe  that  rainfall  (river  discharge),  disease,  and  possibly  pollution  have  played  varying  roles  in  previous 
declines  in  stocks.  A  high  correlation  (r  =  0.91)  e.xists  between  annual  license  sales  and  commercial  landings,  suggesting  that  effort 
may  be  the  limiting  factor  in  annual  harvests.  South  Carolina  is  currently  assessing  its  blue  crab  fishery  and  examining  such  issues  as 
limiting  growth  in  fishing  effort,  quantification  of  fishing  effort,  under-reporting  of  catch,  trap  theft,  vandalism  of  traps,  ghost  pots, 
competition  between  commercial  and  recreational  crabbers,  and  conflicts  with  boaters. 

KEY  WORDS:     Callincctcs  sapiitus.  blue  crab.  South  Carolina,  fishery,  stock  trends 


INTRODUCTION 

Blue  crabs  (Callinectes  sapidus.  Rathbun)  support  important 
commercial  and  recreational  fisherie.s  in  South  Carolina.  Among 
fisheines  prosecuted  in  state  waters,  the  commercial  blue  crab  fish- 
ery usually  ranks  number  one  in  terms  of  weight  landed  and  num- 
ber two  in  dollar  value,  behind  peiiaeid  shrimp.  The  blue  crab 
fishery  is  relatively  small  compared  to  that  of  other  southeastern 
states,  but  has  been  very  consistent  in  terms  of  landings  and  sup- 
ports an  industry  that  employs  several  hundred  commercial  crab- 
bers and  processors.  No  reliable  estimates  exist  on  participation  by 
recreational  crabbers,  but  a  survey  of  fish  stamp  holders  ( stamp  not 
required  to  fish  for  crabs)  indicated  that  in  excess  of  25.000  people 
participate  in  the  recreational  blue  crab  fishery  annually  (W. 
Waltz,  unpublished  manuscript.  South  Carolina  Department  of 
Natural  Resources.  Charleston.  SC). 

DESCRIPTION  OF  THE  FISHERY 

Crab  trapping,  which  occurs  primarily  in  estuarine  areas,  ac- 
counted for  98.2%  of  the  blue  crabs  caught  in  the  commercial 
fishery  during  1991  to  1995.  Crab  traps,  as  described  by  Van  Engel 
(1962),  were  first  fished  in  South  Carolina  in  1956.  when  trotlining 
was  the  dominant  fishing  method.  Trotlining  gradually  was  re- 
placed by  trapping,  with  the  last  significant  trotlining  occurring  in 
1965.  Other  commercial  landings  of  blue  crab  currently  come  from 
shrimp  trawl  fishery  bycatch  (0.8%),  directed  crab  trawling 
(0.7%  I.  and  mariculture  (0.3%).  Shrimp  fishery  bycatch  is  landed 
primarily  during  fall,  when  fishing  effort  is  relatively  high;  di- 
rected trawling  for  blue  crab  occurs  during  winter  following  clo- 
sure of  the  shrimp  trawling  season.  Crab  trawls  are  allowed  by 
pennit.  and  nets  may  not  have  mesh  less  than  10.2  cm  (stretch). 
Maricultured  crabs  are  a  byproduct  of  semi-intensive  shrimp  cul- 
ture operations  in  former  rice  fields.  Blue  crab  megalopae  appar- 
ently enter  these  impoundments  when  they  are  flooded  during 


spring  for  stocking  of  wild-spawned  postlarval  shrimp.  Blue  crabs 
are  harvested  during  winter  when  ponds  are  drained  and  prices  are 
at  the  annual  maximum. 

Sex  composition  of  the  commercial  blue  crab  catch  is  related  to 
fishing  location  and  gear.  Eldridge  and  Waltz,  (1977)  found  that 
72.3%  of  trapped  crabs  were  male,  but  trawl-caught  crabs,  har- 
vested in  the  mouths  of  estuaries  or  in  the  ocean  within  3  miles  of 
the  beach,  were  only  14.9%  male.  More  recently,  increased  effort 
is  being  directed  to  the  harvest  of  females  during  winter.  Higher 
winter  prices  and  a  developing  export  market  for  females  is  pro- 
viding greater  economic  incentive. 

LANDINGS 

Landings  of  hard  blue  crabs  have  averaged  about  2.98  x  10'"  kg 
over  the  last  35  years  (Fig.  1).  The  most  significant  decline  in 
landings  occurred  in  the  late  1960s,  when  crab  stocks  seemed  to 
decline  as  a  result  of  disease  or  possibly  in  combination  with 
widespread  application  of  pesticides  (DDT  and  MIREX.  an  insec- 
ticide to  control  fire  ants)  (Mahood  et  al.  1970).  In  the  early  1980s, 
a  lesser  decline  in  annual  harvests  seemed  to  be  related  to  severe 
droughts,  although  fishing  effort  also  seemed  to  be  relatively  low. 
Increasing  fishing  effort,  as  suggested  by  increasing  license  sales, 
along  with  improving  price,  more  winter-time  fishing,  and  high 
relative  abundance  of  blue  crabs  seem  related  to  recent  increases  in 
landings. 

State  law  requires  that  all  purchases  of  blue  crabs  from  coin- 
mercial  harvesters  go  through  licensed  wholesale  dealers  who 
must  report  monthly  to  the  Department  of  Natural  Resources 
(DNR).  but  anecdotal  reports  indicate  that  a  sizable  percentage  of 
crabs  may  go  unreported. 

Total  value  of  the  fishery  in  terms  of  ex-vessel  dollars  paid  to 
the  crabbers  for  hard  crabs  and  peeler  crabs  rose  from  $3.28  mil- 
lion in  1993  to  S4.59  million  in  1995.  an  increase  of  29%.  The 
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Fijjurf  I.  South  Carolina's  annual  commercially  caught  landings  (10 
kg)  of  hard  blue  crabs. 

overall  average  price  per  kg  has  increased  from  $0.22  in  1993  to 
$0.29  in  1995. 

Production  of  soft-shell  blue  crabs  ceased  in  1957.  but  resumed 
in  1979  (Bishop  et  al.  1984).  Peeler  crab  and  soft-shell  crab  land- 
ings are  important  only  during  April  and  May.  when  95.2%  of 
annual  landings  of  peelers  (1991-1995  mean)  are  landed.  Almost 
all  spring  peelers  are  penultimate  molt  females  caught  in  peeler 
traps  or  carried  into  hard  crab  traps  by  mature  males.  Most  peeler 
crab  traps  are  constructed  of  2.5-cm  mesh,  vinyl-coated  hexagonal 
wire,  and  contain  two  male  crabs  as  bait.  The  primary  limiting 
factors  in  landings  of  soft  shells  have  been  availability  of  peeler 
crabs  and  mortalities  of  shedding  crabs  related  to  heat  stress  during 
summer  (Cupka  and  Van  Engel  1979). 

SAMPLING  PROGRAM 

Fishery-independent  sampling  for  blue  crabs  is  conducted  by 
trawling  and  trapping.  Year-round  trawl  samples  are  taken  with  a 
15.5-m  double-rigged  trawler  towing  two  6-m  footrope  nets  with 
2.5-cm  stretch  mesh  for  15  min  at  each  sampling  station.  Sampling 
sites  are  fixed  estuarine  stations  chosen  for  shrimp  assessment 
monitoring.  Crab  catches  are  sampled  at  seven  locations  in 
Charleston  Harbor  each  month  and  at  27  locations  in  seven  other 
estuaries  sampled  in  Match.  April.  June.  August.  October,  and 
December.  All  blue  crabs  in  a  sample  or  a  subsainple  are  examined 
and  total  number  of  crabs,  carapace  width  (CW),  sex,  maturity,  and 
molt  stage  (for  crabs  75  mm  CW  or  greater)  are  recorded.  Sam- 
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2.  Average  number  of  ovigerous  female  blue  crabs  per  trawl 
assessment  samples,  iy7y-1995. 
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Figure  3.  Percentage  frequency  of  carapace  widths  observed  by  month 
for  blue  crabs  collected  in  assessment  samples  using  two  6-m  trawls  at 
stations  in  Charleston  Harbor  and  nearby  rivers,  1979-1995. 


pling  sites  have  been  added  with  time,  but  the  sampling  gear, 
number  of  sites,  and  sampling  locations  have  remained  constant 
since  sainples  were  first  taken  in  1979.  From  April  through  Au- 
gust, additional  samples  are  taken  in  smaller  tidal  creeks  in  the 
Charleston  Harbor  area  with  a  single  3.2-m  trawl  with  12-mm 
mesh,  which  is  towed  by  an  outboard  boat  for  5  min.  This  sam- 
pling targets  juvenile  shrimp,  but  total  number,  carapace  width, 
sex.  and  molt  sign  are  recorded  for  all  blue  crabs  in  each  sample. 
Crab  trapping  is  used  to  sample  adult  crabs  dunng  Septeinber 
through  November  or  December.  Nine  randomly  selected  locations  in 
eight  different  estuarine  systems  from  Winyah  Bay  in  the  central  area 
of  the  state  to  Calibogue  Sound  in  the  southern  area  are  sampled  twice 
each  fall,  with  15  traps  per  location  for  a  total  of  270  individual  trap 
samples.  Sampling  is  conducted  with  crab  traps  typical  of  those  used 
by  commercial  crabbers  and  are  set  for  4  to  6  hours.  Crabs  are  sorted 
by  sex  and  commercial  grade  (i.e.,  number  ones,  number  twos), 
counted,  and  weighed.  This  survey  has  been  conducted  since  1988. 

BIOLOGY 

Ovigerous  females  have  been  collected  statewide  in  trawl 
samples  from  March  to  November,  with  abundance  seeming  to  be 
bimodally  distributed,  peaking  in  April/May  and  July  (Fig.  2). 
Eldridge  and  Walt/,  (1977)  reported  that  ovigerous  females  first 
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TABLE  1. 

Average  numbers  of  nuile  iind  female  sofl-shell  criibs  per  15  min  (rawl  ti)»;  this  summary  iniludes  all  erahs  showing  any  premolt.  soft  shell, 

or  immediate  postmolt  condition  indicating  recent  niollin)>  activity. 
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appeared  in  commercial  traps  in  March  and  April  and  were  found 
through  .August.  Monthly  sampling  by  trawl  in  Charleston  Harbor 
(1979-1987)  found  similar  results,  but  catch  rates  were  unimodal, 
pcakmg  in  Jul\  (Archambault  ct  al  1990). 
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Figure  4.  Percentage  frequency  of  carapace  widths  observed  by  month 
for  blue  crabs  collected  in  assessment  samples  using  a  single  3.2-m 
trawl  in  small  tidal  creeks  near  Charleston  Harbor,  1980-1995. 


Megalopal  blue  crabs  were  found  to  settle  on  passive  collectors 
in  Charleston  Harbor  primarily  in  late  summer  and  fall,  with  peak 
settlement  tending  to  occur  shortly  after  spring  tides  (Boylan  and 
Wenner.  1993).  Olmi  and  Sandifer  ( 19Sft)  found  megalopae  were 
most  abundant  in  plankton  samples  during  September/October, 
and  densities  were  greater  during  night  than  day.  Mense  and  Wen- 
ner ( 1989)  reported  that  megalopal  ingress  occurred  in  two  pulses, 
a  major  one  in  October  and  a  smaller  one  in  March. 

Length  frequency  distributions  for  blue  crabs  collected  by  trawl 


o 


Charleston 

Harbor 
23.9  +  6.5  ppt 


3 

CO 


(U 
Q. 

M 

O 

oS 

E 


North  Edisto 
24.6  +  5.90  ppt 


St.  Helena 
25.2  +  5.27  ppt 


Port  Royal 
and  Calibogue 
29.9  +  3.02  ppt 


78  80  82  84  86  88  90  92  94  96 

Year 

Figure  5.  Number  per  tow  of  blue  crabs  collected  in  assessment 
samples  using  6-m  trawls  in  four  estuarine  systems  in  South  Carolina, 
1979-1995  and  average  water  salinity  (parts  per  thousand)  and  stan- 
dard deviation. 
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Figure  6.  Average  annual  CPIIK  of  blue  crabs  for  all  assessment 
samples  collected  In  6-m  trawls  i number  per  tow  I  and  average  CPUE 
in  assessment  samples  collected  by  crab  traps  (number  per  trap). 

in  Charleston  Harbor  indicate  that  juvenile  crabs  spawned  during 
the  previous  summer  are  first  taken  in  monthly  trawl  samples  at 
about  30  mm  CW  in  November  (Fig.  3).  Little  apparent  growth 
occurs  until  April,  when  water  temperatures  begin  rising  above 
20°C  (Archambauh  et  al.  1990).  By  June,  most  crabs  exceed  100 
mm  CW.  and  by  September  and  October,  most  reach  adult  size  and 
are  recruited  to  the  fishery. 

Female  peeler  crabs  generally  outnumber  male  peelers  two  to 
one  in  trawling  samples  (Table  1 ).  Some  molting  activity  has  been 
observed  during  every  month,  but  crabs  exhibiting  molting  activity 
are  most  common  in  March  through  July,  with  a  peak  in  May  and 
a  smaller  peak  in  September. 

Sampling  with  small  trawls  in  April  through  August  indicates 
males  outnumber  females  in  tidal  creeks,  unlike  trawl  samples  in 
the  larger  water  bodies  of  Charleston  Harbor  (Fig.  4).  Male  crabs 
comprised  61.2%  of  the  crabs  examined  in  creeks,  as  compared  to 
38.89(-  female;  whereas  conversely,  68%  of  the  crabs  in  open  wa- 
ters were  females  (Archambauh  et  al.  1990).  Female  crabs  greater 
than  120  mm  CW  were  uncommon  in  creek  samples  during  July 
and  August;  we  interpret  this  observation  to  indicate  that  tidal 
creeks  may  serve  as  mating  refugia  for  immature  female  crabs; 
they  leave  the  creeks  after  molting.  Eldridge  and  Waltz  (1977) 
reasoned  that  females  inigrate  toward  higher  salinity  water  after 
they  undergo  their  terminal  molt.  Archambauh  et  al.  (1990)  ob- 
served that  females  in  Charleston  Harbor  were  more  than  three 
times  as  abundant  as  males  in  salinities  that  exceeded  26  ppt  (av- 
erage salinity  in  the  creeks  was  17.2  ppt).  Tagging  studies  of  adults 
in  South  Carolina  indicated  that  most  crabs  remained  within  the 
estuary  of  relea.se  or  in  nearby  coastal  waters,  but  females  were 
much  more  inclined  to  emigrate  from  the  estuary  (Fischler  and 
Walburg  1962). 

STOCK  TRENDS 

Comparison  of  blue  crab  annual  catch  per  unit  effort  (CPUE) 
from  trawl  surveys  for  four  major  estuarine  systems  from  Charles- 
ton Harbor  to  Calibogue  Sound  indicates  that  catch  rates  were 
relatively  independent  of  each  other,  although  CPUE  for  each 
location  showed  a  peak  in  1986  or  1987  (Fig.  5).  Among  the  four 
systems.  Charleston  Harbor  and  St.  Helena  Sound  were  the  most 
similar,  with  catch  rates  gradually  increasing  during  the  early 
19S0s  and  periodically  fluctuating  together  through  1996.  No  ap- 
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Figure  7.  Regression  of  fail  (October-December)  commercial  harvest 
(10'  kg)  of  hard  blue  crabs  on  annual  total  license  sales  for  the  com- 
mercial trapping  fisbery,  1986-1995. 

parent  long-term  trend,  up  or  down,  in  CPUE  has  been  noted  in 
any  region  of  the  state. 

Preliminary  analysis  of  coastwide  fishery-independent  trawling 
and  trapping  data  indicates  no  apparent  trend  in  crab  catch  rates 
from  1979  to  1995  (Fig.  6).  The  highest  catch  rates  for  traps  were 
observed  following  Hurricane  Hugo  in  1989.  when  males  were 
more  abundant  in  samples.  Presumably,  higher  rainfall  flushed 
crabs  from  tidal  creeks  and  upper  reaches  of  estuaries  into  lower 
estuarine  areas  where  trap  samples  are  taken.  Less  competition 
with  commercial  trapping  (many  traps  were  lost  during  the  hum- 
cane)  in  some  areas  may  also  have  led  to  higher  catches  in  moni- 
toring traps.  Trapping  and  trawling  CPUEs  show  no  apparent  cor- 
relation, and  neither  seem  to  track  with  commercial  landings. 

The  lack  of  a  good  correlation  between  fishery-independent 
and  fishery-dependent  data  is  problematic.  It  is  not  known  if  either 
trawling  or  trapping  is  providing  adequate  representations  of  blue 
crab  stock  abundance,  although  trawling  collects  a  wider  range  of 
size  classes  and  is  less  affected  by  competition  with  commercial 
crabbers.  It  is  also  unknown  if  commercial  landings  are  indicative 
of  blue  crab  stock  abundance,  A  regression  of  total  annual  weight 
of  landings  upon  licence  sales  for  the  years  1986  to  1995  shows  a 
strong  relationship  (r"  =  0.83)  (Fig.  7).  No  data  exist  on  actual 
fishing  effort  (number  of  traps  or  days  fished),  but  if  license  sales 
are  a  reliable  Index  of  fishing  effort,  the  implication  is  that  the 
resource  may  be  underutilized,  and  expanding  elfort  is  resiiltmg  in 
greater  total  harvests.  However,  it  is  also  possible  that  catch  rates 
are  infiuencing  subsequent  license  sales. 

FISHERY  MANAGEMENT  CONCERNS 

•  rising  competition  for  the  blue  crab  resource  between  commer- 
cial and  recreational  crabbers; 

•  conflicts  between  commercial  crabbers  and  pleasure  boaters  and 
recreational  finfish  anglers; 
under-reporting  of  commercial  crab  harvests; 
poor  data  on  commercial  fishing  effort; 
poor  data  on  recreational  catch  and  fishing  effort; 
vandalism  of  crab  traps  and  theft  of  crabs;  and 
abandoned  or  lost  traps. 
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STATUS  AND  MANAGEMENT  OF  THE  BLUE  CRAB  FISHERY  IN  NORTH  CAROLINA 
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.ABSTRACT  North  Carolina  commercial  hliic  crah  [Callinecics  sapidiis)  landings  have  averaged  .Vi  x  10"  pounds  (16.3  x  10''  kg) 
over  the  past  18  years  11978-1995).  Landings  in  1995  were  47  x  10''  pounds  (21.3  x  10"  kg),  with  dockside  value  exceeding  $34 
million.  Processed  crab  products  annually  range  in  value  from  $25  to  50  million.  Blue  crabs  are  harvested  throughout  the  coastal  area 
of  North  Carolina,  however,  the  Albemarle/Pamlico  sound  complex  accounts  for  88%  of  all  commercial  landings.  Historically,  various 
harvest  gears  have  contributed  significantly  to  the  commercial  harvest.  The  crab  pot  fishery  currently  accounts  for  over  95%  of  all  hard 
crab  landings.  Issues  identified  as  important  in  the  management  of  North  Carolina's  blue  crab  fishery  are:  ( 1 )  increasing  effort;  (2) 
competition  and  conflict  with  other  users;  (3)  wasteful  or  damaging  fishing  practices;  (4)  habitat  degradation;  and  (5)  insufficient 
assessment  data.  Each  of  these  issues  is  defined  and  discus.sed.  Actions  taken  by  the  North  Carolina  Marine  Fisheries  Commission  and 
the  North  Carolina  Division  of  Marine  Fisheries  and  potential  solutions  to  these  issues  are  identified.  These  issues  are  not  unique  to 
North  Carolina's  fishery,  but  are  shared  by  blue  crab  fisheries  throughout  the  Mid-Atlantic  and  Southeastern  United  States. 

KEY  WORDS:     blue  crab,  Callinccles  sapidii.s.  North  Carolina,  landings,  status,  trends,  management  issues 


STATUS  AND  TRENDS 

The  blue  crab  (Callinectes  sapidus.  Rathbim  1884)  supports 
North  Carolina's  most  valuable  commercial  fishery  in  terms  of 
total  landings,  value,  processing,  participation,  employment,  and 
the  amount  of  harvest  gear  used.  Many  coastal  property  owners 
and  visitors  participate  in  a  small  shore-based  recreational  fishery; 
however,  landings  and  participation  are  unknown. 

Commercial  hard  crab  landings  have  averaged  36  x  lO''  pounds 
(16.3  X  10^  kg)  over  the  last  18  years.  1978  to  1995  (Fig.  1). 
Landings  for  1994  and  199.5  were  53.5  x  10'"  pounds  (25.2  x  10" 
kg)  and  46.5  x  10'"  pounds  (21.1  x  10''  kg)  with  a  dockside  value 
of  S29  and  $34.5  million,  respectively.  The  major  increases  in 
landings  noted  during  1978  and  1994  were  in  part  a  function  of 
improved  data  collection.  The  National  Marine  Fisheries  Service 
(NMFSl  collected  commercial  landings  statistics  until  1978.  North 
Carolina  Division  of  Marine  Fisheries  (DMF)  initiated  and  aug- 
mented landings  collection  in  1978  under  the  NMFS/North  Caro- 
lina Cooperative  Statistics  Program.  Both  programs  were  based 
entirely  on  voluntary  reporting.  In  1994,  DMF  implemented  a 
mandatory  Trip  Ticket  Program,  which  is  a  landings  information 
record-keeping  system  for  each  comtnercial  harvest  trip.  During 
1 994.  1 3 1  seafood  dealers,  who  had  not  previously  reported  hard 
blue  crab  landings  under  the  voluntary  collection  programs,  re- 
ported approximately  14  x  10''  pounds  (6.4  x  10''  kg;  269'f  of  the 
total  landings).  Landings  from  the  different  periods  cannot  be  com- 
pared because  of  the  various  collection  methods  and  the  precision 
of  these  methods. 

Combined  commercial  landings  for  peelers  and  soft  blue  crabs 
averaged  531.727  pounds  (241.191  kg)  over  the  last  18  years.  1978 
to  1995.  The  peeler/soft  crab  fishery  reported  landings  and  dock- 
side  values  of  1.25  x  10''  pounds  (567.000  kg;  $2.7  million)  for 
1994  and  1.5  x  10''  pounds  (680.000  kg:  S3.4  million)  in  1995. 
Shedding  crabs  has  become  an  increasingly  important  component 
of  the  blue  crab  fishery  as  operations  have  spread  into  the  inore 
inland  areas  with  the  use  of  recirculating  closed  systems. 

Historically,  many  types  of  harvest  gear  have  been  utilized  in 
North  Carolina's  commercial  blue  crab  fishery.  Trotlines.  crab 
pots,  and  trawls  have  accounted  for  most  of  the  landings.  Defini- 


tive and  varying  trends  in  yield  by  harvest  gear  are  evident  from 
the  annual  blue  crab  landings  compiled  by  NMFS  and  DMF  (Fig. 
2).  Landings  data  may  also  indicate  general  trends  in  gear  use  and 
effort. 

Trotlines  contributed  the  majority  of  the  landings  in  the  early  to 
mid-1950s  (Fig.  2).  In  the  late  I95()s  and  eaily  1960s,  as  trotlines 
declined  and  crab  pot  use  increased,  thus  gears  dominated  the  har- 
vest, yielding  approximately  equal  portions  of  the  landings.  Crab 
trawl  landings  peaked  in  the  late  1960s,  contributing  approxi- 
mately 40*7^  of  the  total  landings.  Crab  pots  yielded  similar  harvest 
levels  during  this  period. 

By  the  1970s,  crab  pots  had  become  the  major  gear  used  to 
harvest  crabs,  followed  by  trawls,  with  trotlines  becoming  an  in- 
significant contributor  to  the  landings  (Fig.  2).  Several  rules  before 
1978  kept  the  growth  of  the  crab  pot  fishery  at  a  low  level;  (I)  a 
100  pot  limit  from  1955  until  1970;  (2)  no  crab  potting  May 
through  November  south  of  Long  Shoal  River  from  1955  through 
1965;  and  (3)  starting  in  1965  areas  could  be  opened  to  crab 
potting  by  administrative  orders  issued  by  the  DMF  Fisheries  Di- 
rector. Most  of  the  Pamlico  Sound  and  adjacent  bays  however, 
remained  closed  until  1978.  Currently,  the  crab  pot  fishery  ac- 
counts for  tnore  than  95*}^  of  the  hard  crab  landings.  This  fishery 
occurs  year  round  with  the  exception  of  a  2-week  pot  clean-up 
period.  January  24  through  February  7.  Peak  months  for  crab  pot 
landings  are  April  through  October. 

The  crab  trawl  fishery  in  recent  years  has  contributed  less  than 
49'r  of  the  total  hard  crab  landings  (Fig.  2).  Crab  trawling  is  con- 
ducted primarily  by  shrimp  vessels  that  seasonally  convert  to  crab- 
bing. Peak  months  for  crab  trawl  landings  are  March  to  June  and 
November. 

Trotlines  currently  account  for  less  than  0.1%  of  the  total  hard 
crab  landings.  All  other  harvest  gear  (shrimp  trawls,  gill  nets, 
pound  nets,  crab  dredges,  etc.)  combined  contribute  approximately 
I  %  to  the  total  crab  harvest. 

MANAGEMENT  ISSUES 

Issues  identified  as  important  in  the  management  of  North 
Carolina's  blue  crab  fishery  are;  ( I )  increasing  effort;  (2)  compe- 
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Figure  1.  North  Carolina  hard  blue  crab  landings,  1950  to  1995. 

tition  and  conflict  with  otlier  users;  (3)  wasteful  or  dainaging  fish- 
ing practices;  (4)  habitat  degradation;  and  (5)  insufficient  assess- 
ment data.  Each  of  these  issues  is  defined  and  discussed.  Actions 
taken  by  the  MFC/DMF  and  potential  solutions  that  could  be  taken 
to  address  these  issues  are  identified.  Many  of  these  issues  deal 
with  management  of  the  harvesters  and  gear  involved  in  the  fish- 
ery, not  direct  management  of  the  crab  resource. 

Increasing  Effort 

The  number  of  crab  potters  and  pots  used  has  increased  dra- 
matically, but  catch  per  unit  effort  (CPUE)  has  declined.  Informa- 
tion on  blue  crab  pot  use  (number  of  pots  per  fisherman  docu- 
mented by  NMFS  and  DMF  license  information)  and  landings 
attributed  to  crab  pots  show  an  inverse  relationship  between  the 
average  number  of  pots  fished  and  the  overall  landings  per  pot 
(Fig.  3).  The  number  of  pots  has  increased  significantly  since 
1980.  with  a  corresponding  decline  in  catch  per  pot.  Although  the 
data  were  collected  by  two  sources,  the  trend  was  the  saine  during 
an  overlapping  3-year  period  (1982  to  1984). 

The  number  of  crab  pots  used  in  North  Carolina  from  1983  to 
1993  increased  by  98%  (Fig.  3).  Commercial  landings  by  pots  for 
this  period  increased  by  only  39%,  and  the  catch  per  pot  declined 
by  29%.  The  trend  of  decreasing  catch  efficiency  per  pot  shows 
that  economic  efficiency  is  not  being  achieved  in  this  open-access 
fishery. 

Many  fishers  have  shifted  their  effort  to  the  crab  pot  fishery  in 
recent  years.  This  shift  is  attributable  to  declines  in  several  of 
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Figure  3.  Number  of  pots  and  CPUE  per  pot  for  North  Carolina's  blue 
crab  pot  fishery,  195.1  to  1993. 


North  Carolina's  historically  significant  fisheries  (oysters,  river 
herring,  shad,  striped  bass,  etc.)  and  the  resulting  gear  and  harvest 
allocation  restrictions  that  accompanied  these  declines.  The  num- 
ber of  full-time  crab  potters  increased  by  44%  from  1983  to  1993 
(Fig.  4).  Excluding  crab  potters,  the  number  of  full-time  fishers 
fluctuated,  but  increased  only  4%  during  this  period.  Since  1994, 
the  numbers  of  fishers  and  crab  potters  have  remained  relatively 
stable  because  of  a  moratorium  on  license  sales.  This  moratorium 
on  commercial  licenses  was  implemented,  in  July  1994.  as  plans 
for  restructuring  the  license  system  and  fisheries  management 
were  being  developed  by  the  North  Carolina  Fisheries  Moratorium 
Steering  Committee  (MSC)  and  forwarded  to  the  North  Carolina 
Marine  Fisheries  Commission  (MFC)  and  North  Carolina  General 
Assembly.  The  moratorium  is  scheduled  to  expire  in  July  1999. 
Recommendations  being  formulated  by  the  MSC  will  likely  affect 
effort  in  the  blue  crab  fishery.  Options  being  considered  by  the 
MSC  are:  ( 1 )  delayed  or  limited  entry;  (2)  restructuring  the  license 
system;  (3)  definition  of  a  commercial  fisher;  and  (4)  development 
of  fishery  management  plans  that  may  include  gear  restrictions, 
harvest  limits,  and  seasons. 

Competition  and  Conflict 

The  drastic  increase  in  pot  numbers  has  resulted  in  more  fre- 
quent and  severe  conflicts  over  fishing  space  between  crab  potters 
and  other  fisheries  (trawlers,  haul  seiners,  and  recreational  activi- 
ties) and  between  full-  and  part-time  potters.  Conflicts  usually 
result  in  fishing  gear  being  moved,  damaged,  destroyed,  or  stolen. 
Also,  theft  of  potted  crabs  has  increased  in  some  areas  as  effort  and 
price  of  the  commodity  has  increased. 
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Figure  2.  Percentage  contribution  to  the  North  Carolina  commercial 
hard  blue  crab  landings  by  selected  harvest  gears,  1950  lo  1995. 
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Figure  4.  Number  of  full-time  fishers  and  crab  potters  in  North  Caro- 
lina's commercial  fishery.  1983  to  1993. 
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Actions  taken  by  the  DMF  and  MFC  include:  ( 1 )  meeting  with 
user  groups  to  work  out  compromises;  (2)  designated  pot  areas;  (3) 
restrictions  on  pot  fishing  time;  and  (4)  increased  law  enforcement. 
Possible  options  to  address  competition  and  user  conflict  are:  (1) 
pot  limits;  (2)  zoning:  and  (3)  limited  entry. 

^yasI^jlll  or  l)tinuii;iiiii  Ilsliiiii;  Practices 

Wasteful  and  damaging  fishing  practices  associated  with  the 
blue  crab  fishery  are  a  complex  issue  and  have  various  and  inter- 
related impacts  on  the  resource  and  different  segments  of  the  fish- 
ery. Specific  issues,  actions,  and  potential  solutions  concerning 
current  harvest  practices  are  outlined  below. 

( 1 )  The  harvest  of  small  crabs  results  in  reduced  meat  yield 
and  waste  of  a  potentially  valuable  future  resource.  Exist- 
ing management  actions  implemented  to  reduce  the  small 
crab  harvest  include:  ( I )  a  3  inch  ( 127  mm)  minimum  size 
limit  (carapace  width),  except  for  mature  females,  peelers, 
and  soft  crabs;  (2)  a  15%  harvest  tolerance  of  small  crabs 
by  number;  and  (3 1  the  mandatory  use  of  escape  rings  since 
1989  (two  rings,  minimum  2  5/16  inches  (59  mm)  inside 
diameter).  Reductions  in  the  harvest  tolerance  for  undersize 
crabs  by  number  or  container  coupled  with  increased  en- 
forcement efforts  would  help  to  reduce  the  harvest  of  small 
crabs. 

(2)  Harvesting  egg-bearing  females  (sponge  crabs)  continues 
to  be  a  controversial  issue  among  both  harvesters  and  re- 
source managers.  Many  crabbers  feel  the  taking  of  egg- 
bearing  females  reduces  the  availability  of  crabs  the  fol- 
lowing year.  Conflicting  views  exist  regarding  the  exis- 
tence (Lipcius  and  Van  Engle  1990)  or  absence  (Person 
1948,  Sulkin  et  al.  1983.  Van  Engel  1987)  of  a  spawning 
stock-recruitment  relationship  for  the  blue  crab.  Low  meat 
yield  from  egg-bearing  females  is  another  justification  used 
by  opponents  of  sponge  crab  harvest.  North  Carolina  has 
five  blue  crab  spawning  sanctuaries  around  the  coastal  in- 
lets from  Oregon  Inlet  south  to  Barden's  Inlet  (Cape  Look- 
out). These  areas,  ranging  in  size  from  4.400  to  8.700  acres, 
were  designated  to  protect  mature  females  that  congregate 
near  the  ocean  inlets  to  spawn.  All  crab  harvest  with  com- 
mercial gear  is  prohibited  in  these  sanctuaries  from  March 
1  to  August  31.  These  areas  may  remain  closed  to  crab 
harvest  from  September  1  to  Febniary  28  by  administrative 
orders  issued  by  the  DMF  Fisheries  Director.  Possible  op- 
tions to  address  the  harvest  of  sponge  crabs  are:  ( 1 )  expan- 
sion of  existing  sanctuaries;  (2)  designate  new  sanctuary 
areas  in  the  southern  coastal  area;  and  (3)  prohibit  the 
harvest  of  sponge  crabs. 

(3)  Harvesting  recently  molted  crabs  (white  bellies)  results  in 
poor  meat  yield  and  waste  of  a  resource  that  would  be  more 
valuable  in  a  relatively  short  time.  No  regulatory  action  has 
been  taken  on  this  issue.  Individual  fishers  and  dealers 
could  effect  conservation  in  this  area  by  not  harvesting  or 
buying  this  product.  The  result  of  such  an  effort  would  be 
increased  product  quality  and  potentially  higher  prices  to 
the  harvester. 

(4)  Employing  white  line  peeler  crabs  in  soft-shell  crab  shed- 
ding operations  reportedly  results  in  high  shedding  mortal- 
ity caused  by  long  holding  periods,  as  compared  with  pink 
and  red  line  stage  peeler  crabs.  No  action  has  been  taken  on 
this  issue,  although  a  rule  to  eliminate  white  line  peeler 
from  the  peeler  crab  definition  has  been  proposed. 


(5)  The  pt)tentially  high  mortality  of  undersize  crabs  along 
with  the  bycatch  of  flounder  and  other  finfish  are  major 
concerns  as.sociated  with  crab  trawling.  Also,  the  weight  of 
this  gear  (heavily  chained)  may  result  in  excessive  bottom 
disturbance.  Fishery-dependent  data  from  the  Pamlico 
River,  NC  estuary  show  a  50-80%  bycatch  of  sublegal 
crabs  (McKenna  and  Camp  1992).  DMF  has  conducted 
research  on  tailbag  mesh  sizes  (3-5  inches  [76-127  mm]) 
in  crab  trawls  to  determine  a  mesh  size  that  will  allow  the 
escapement  of  sublegal  crabs  (McKenna  and  Clark  1993). 
A  tailbag  mesh  size  of  4.5  inches  (1 14  mm)  stretched  mesh 
was  recommended  based  on  this  research.  The  Fishery  Re- 
source Grant  Program,  directed  by  the  MFC.  has  also 
funded  projects  directed  at  crab  trawl  gear  testing  and 
modification  (Lupton  1996).  Actions  taken  by  the  MFC  to 
reduce  the  impacts  of  crab  trawling  include  implementing 
a  weekend  closure  and  delegating  authority  to  the  DMF 
Fisheries  Director  to  specify  harvest  areas  and  crab  trawl 
tailbag  mesh  sizes  between  3-4  inches  (76-102  mm) 
stretched  mesh.  Additional  area  or  seasonal  closures  should 
be  evaluated,  if  gear  changes  cannot  be  integrated  in  the 
crab  trawl  fishery. 

(6)  Bycatch  and  associated  mortality  of  crabs  in  the  shrimp 
trawl  fishery,  although  not  quantified,  is  believed  to  be 
significant.  Much  of  this  concern  stems  from  the  wide- 
spread and  intensive  nature  of  the  shrimp  fishery  within  the 
internal  coastal  waters  of  North  Carolina.  Although  DMF 
and  other  agencies  have  done  extensive  work  with  bycatch 
reduction  devices  (BRDs)  and  turtle  excluder  devices 
(TEDs)  in  shrimp  trawls,  a  gear  type  or  modification  that 
reduces  blue  crab  bycatch  has  not  been  found.  Additional 
work  on  BRDs  specifically  to  reduce  the  bycatch  of  blue 
crabs  is  needed. 

(7)  A  major  issue  specific  to  the  crab  pot  fishery  is  pot  loss  or 
"ghost  pots"  and  its  contribution  to  blue  crab  mortality. 
Concern  stems  from  the  significant  increase  in  the  numbers 
of  pots  per  crabber,  the  long  life  of  vinyl-coated  pots,  and 
the  pot's  ability  to  continue  to  trap  crabs.  McKenna  and 
Camp  (1992)  reported  annual  estimates  of  14%  crab  pot 
loss  for  Pamlico  and  Pungo  River,  NC,  included  in  these 
estimates  were  pots  lost  to  theft  and  trawlers.  Guillory 
(1993)  estimated  annual  crab  mortality  at  25. S  crabs  per 
ghost  pot  for  Louisiana  waters.  The  MFC  Fishery  Resource 
Grant  Program  funded  an  evaluation  of  various  biodegrad- 
able crab  pot  panels  and  closure  strap  fasteners  (Hooker 
1996).  .Additional  assessments  of  biodegradable  panels  and 
escape  mechanisms  for  pots  are  needed  to  determine  prac- 
tical and  viable  options.  Also,  requiring  sinking  or 
weighted  lines  on  pots  would  reduce  cut  buoy  lines. 

Habitat  Degradation 

Blue  crabs  rely  on  adequate  and  sufficient  habitat  of  various 
types  during  their  different  life  cycle  stages.  Loss  or  degradation 
of  spawning,  nursery,  and  molting  areas  and  reduced  deep- 
water  habitat  from  low  dissolved  oxygen  levels  may  have  long- 
term  impacts  on  crab  populations.  Minor  or  short-term  habitat 
disruptions  such  as  bottom-disturbing  fishery  acUvities  (i.e..  trawl- 
ing, dredging)  may  have  significant,  but  hard  to  measure  impacts 
on  crab  populations,  because  these  activities  encompass  large 
areas  of  coastal  bottom.  In  an  effort  to  protect  coastal  habitat. 
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the  DMF  routinely  comments  on  permitted  activity  by  other  state 
agencies,  the  U.S.  Army  Corps  of  Engineers,  and  the  U.S.  Envi- 
ronmental Protection  Agency.  Actions  taken  by  the  MFC  prohibit 
habitat-disturbing  activities  in  primary  nursery  areas,  and  trawling 
in  secondary  nursery  areas  is  prohibited  during  various  time  peri- 
ods. The  harvest  of  oysters,  clams,  and  crabs  with  mechanical 
methods  is  prohibited  in  specified  areas  and  at  certain  times.  In 
addition,  the  MFC  should  work  with  other  regulatory  authorities  to 
actively  pursue  habitat  issues.  The  MSC  may  recommend  that  the 
MFC  be  delegated  additional  authority  to  address  habitat  protec- 
tion. 

Insufficient  Assessment  Information 

Before  1995,  the  DMF  did  not  have  a  stock  assessment  pro- 
gram specifically  for  blue  crabs,  although  limited  information  was 
collected  through  other  programs.  Therefore,  adequate  information 


is  not  available  for  making  objective  judgments  on  most  blue  crab 
management  issues.  Realizing  the  increasing  importance  of  the 
blue  crab  fishery  to  the  coastal  economy,  crabbers  petitioned  the 
North  Carolina  General  Assembly  in  1994  to  allocate  funding 
specifically  for  a  crab  assessment  project.  The  resulting  program  is 
focusing  on  the  establishment  of  fishery-dependent  and  indepen- 
dent databases  for  the  Albemarle  and  Pamlico  sound  complex, 
where  most  of  the  fishery  occurs.  Plans  are  to  expand  sampling  in 
other  areas  of  the  state,  to  collect  effort  information  through  the 
DMF  Trip  Ticket  Program,  and  to  delineate  critical  spawning  and 
nursery  area  habitats. 

Studies  funded  by  the  MFC  Fishery  Resource  Grant  Program 
and  MSC  will  provide  additional  infomiation  on  specific  manage- 
ment issues  related  to  the  blue  crab  fishery  (i.e.,  effort,  limited 
entry  options,  socioeconomics,  biodegradable  panels  and  escape 
mechanisms  for  pots,  and  sampling  methodology). 
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ABSTRACT  During  the  past  10  years,  landings  of  blue  crabs  {Calimecles  sapuUis  Rathbun)  in  Delaware  have  remained  at  record 
high  levels,  averaging  4.5  million  pounds.  The  number  of  fishers  participating  in  the  blue  crab  fishery  has  increased  dramatically  dunng 
this  time  despite  efforts  by  the  state  to  impose  a  moratorium  on  new  entrants.  In  addition,  effort,  as  measured  by  the  number  of  crab 
pots  fished  and  amount  of  boat  days  directed  toward  crab  fishing,  has  also  increased.  Catch  per  unit  effon  (CPUE)  began  declining 
in  1990  and  has  showed  signs  of  stabilizing  since  1992.  Concerns  that  changes  in  fishing  efficiency  may  be  masking  additional  declines 
In  CPUE  promoted  the  development  of  a  relative  exploitation  analysis  based  on  the  three  (fall  crab  pot,  peeler,  crab  dredge)  fisheries 
that  harvest  components  of  the  spawning  stock.  Relative  exploitation  rates  were  found  to  be  increasing  over  time  for  all  three  fisheries. 
Furthermore,  an  index  of  spawning  stock  biomass  showed  a  declining  trend  since  I98.'i. 

KEY  WORDS:     Blue  crab.  CuUmectes  Mpuliis.  catch  per  unit  effort,  harvest,  exploitation  rate,  spawning  stock,  yield 


INTRODUCTION 

The  blue  crab  iCalUnectes  sapidus  Rathbun)  currenih  pro- 
duces the  largest  dockside  value  of  any  fisheries  resource  in  Dela- 
ware. Commercial  landings  over  the  past  10  years  have  averaged 
4.5  million  pounds,  with  an  annual  estimated  worth  of  2,5  million 
dollars.  In  1995.  landings  were  estimated  to  be  6.3  million  pounds. 
with  a  dockside  value  of  4.5  million  dollars.  Increasing  demand  for 
crab  meat,  combined  with  harvest  declines  in  the  Chesapeake  Bay 
stock,  have  been  responsible  for  the  enhanced  demand  for  and 
value  of  Delaware  Bay  crabs. 

Two  gear  types  are  used  to  harvest  blue  crabs  in  Delaware  for 
commercial  purposes.  Crab  pots  account  for  84%  of  the  annual 
catch,  and  crab  dredges,  used  exclusively  in  the  winter  months 
(Dec.  15  to  March  31)  harvest  the  remaining  landings.  Landings 
have  increased  substantially  since  the  mid  1980s  (Fig.  1).  In  fact, 
catches  have  increased  fivefold  during  the  last  decade,  as  com- 
pared to  the  previous  10  years. 

During  this  time  period,  effort  has  also  increased  markedly 
while  catch  per  unit  effort  (CPUE)  has  been  declining  since  1990. 
CPUE  can  be  an  indicator  of  stock  abundance,  therefore,  this  trend 
may  be  a  harbinger  of  future  stock  decline.  Lipcius  and  Van  Engel 
( 1990)  reported  that  a  relationship  existed  between  spawning  stock 
and  recruitment  in  the  Chesapeake  Bay  crab  population.  This 
means  that  the  number  of  crabs  that  recruit  to  the  stock  is  in  part 
dependent  upon  the  size  of  the  spawning  stock.  Given  these  find- 
ings, any  efforts  to  manage  a  crab  resource  for  long-term  sustain- 
able yield  should  include  measures  to  protect  spawning  stock. 

In  Delaware  Bay.  females  that  comprise  the  potential  spawning 
biomass  were  susceptible  to  three  commercial  fisheries;  the  hard 
crab  pot  fishery:  dredge  fishery;  and  peeler  crab  pot  fishery.  Land- 
ings of  adult  females  in  the  pot  fishery  increased  substantially  in 
recent  years,  and  most  of  this  increase  occurred  during  September 
and  October.  Females  tend  to  concentrate  during  this  time  of  the 
year  as  they  migrate  from  the  upper  bay  to  overw  intering  grounds 
in  the  lower  bay.  Fishers  deploy  pots  in  areas  frequented  by  mi- 
grating concentrations  of  crabs,  and  catches  can  be  significant. 
Historically,  market  demand  for  mature  females  in  the  fall  was 
minimal.  However,  within  the  past  5  years,  demand  for  female 
crabs  during  the  fall  months  has  escalated,  and  a  strong  economic 
incentive  to  target  these  crabs  now  exists.  This  new  incentive. 
combined  with  a  high  catchability  factor,  because  of  concentrated 


distribution  patterns,  has  resulted  in  increased  harvests  on  this 
segment  of  the  spawning  stock. 

Peeler  crabs  are  harvested  by  pots  in  Delaware,  and  this  fishery 
on  average  accounts  for  approximately  69r  of  the  total  annual 
harvest  of  females.  Landings  of  peelers  have  increased  substan- 
tially during  the  past  4  years.  One  reason  for  this  increase  is  the 
expanded  use  of  specially  designed  fine  mesh  (1  in)  pots  that  are 
generally  baited  with  male  crabs  to  attract  female  peelers.  The  use 
of  these  pots  is  a  relatively  new  phenomenon  that  seems  to  be 
gaining  popularity  with  local  fishers.  In  addition  to  these  gear 
modifications,  relatively  strong  year  classes  in  1991.  1993.  and 
1994  have  increased  the  availability  of  peelers  to  harvesters.  This 
increased  availability  combined  with  improved  gear  technology 
and  strong  market  demand  have  contributed  to  recent  increased 
peeler  catches. 

The  dredge  crab  fishery  is  dependent  on  adult  females  for  the 
majority  of  its  catch.  In  fact.  32%  of  the  female  crabs  harvested 
commercially  in  Delaware  are  taken  with  dredges.  Average  land- 
ings during  the  last  three  years  (1993-95)  were  50%  higher  than 
the  long  term  (1984-92)  mean  harvest  level.  Effort  has  also  in- 
creased but  no  clear  trend  in  CPUE  is  evident  due  to  the  dramatic 
annual  fluctuations  of  catch  over  the  long  term. 

Recently,  overall  landings  by  all  three  gear  types  that  harvest 
the  Delaware  Bay  blue  crab  spawning  stock  have  increased.  There- 
fore, in  order  to  determine  if  any  detectable  impact  on  spawning 
stock  biomass  levels  has  occurred  due  to  these  additional  landings, 
an  index  of  spawning  stock  biomass  was  formulated  for  the  period 
1985-1995  using  research  trawl  data.  Furthermore,  separate  analy- 
ses of  relative  exploitation  for  all  three  fisheries  (pot  crab,  peeler, 
dredge)  were  completed  to  determine  if  increased  landings  reflect 
an  increase  in  exploitation. 

METHODS 

Landings  data  were  collected  through  a  port  agent  sampling 
system  that  estimated  effort,  catch,  and  dockside  values  daily 
throughout  the  crab  pot  (April  to  November)  and  dredge  (Decem- 
ber to  March)  seasons.  These  data  were  summarized  to  generate 
monthly  catch  information  by  market  categories  and  provide  esti- 
mates of  monthly  effort  levels  predicated  on  the  number  of  boats 
participating  in  the  fisheries  each  day.  In  addition,  data  on  the 
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Figure  1.  Total  annual  commercial  landings  of  blue  crabs  from  Dela- 
ware Bay  1 197(1  to  19951.  Landings  include  both  crab  pot  and  crab 
dredge  catches. 

economic  value  of  the  catch  were  summarized  into  monthly  and 
annual  values  by  market  grades. 

Research  trawl  information  was  used  to  estimate  population 
abundance  for  the  years  1978  to  1995  (Michels  1995).  Trawl  in- 
dices of  medium  (60-119  mm)  and  large  (>120  mm)  crabs  were 
validated  by  a  correlation  analysis  with  commercial  landings 
(Kahn  et  al.  1996).  The  index  of  abundance  for  adult  crabs  was 
based  on  the  geometric  mean  catch  per  tow  of  large  crabs  collected 
in  September  and  October.  The  quotient  derived  from  dividing 
annual  harvest  levels  of  mature  female  crabs  in  September  and 
October  with  the  large  crab  abundance  index  for  the  same  period 
was  used  to  calculate  relative  exploitation  in  the  crab  pot  fishery. 
These  estimates  were  plotted,  and  a  least-squares  trend  analysis 
was  completed.  Relative  exploitation  can  be  used  as  a  proxy  tor 
fishing  mortality  and  represents  the  change  in  stock  removals  over 
time  for  different  population  sizes. 

The  index  of  medium  crabs  was  derived  from  the  geometric 
mean  catch  per  tow  of  medium  size  crabs  collected  in  the  months 
of  April  through  August.  By  limiting  this  index  to  a  5-month  time 
frame,  we  were  assured  that  only  one  year  class  was  represented  in 
the  analysis.  Annual  peeler  landings  were  divided  by  the  abun- 
dance index  to  formulate  relative  exploitation  estimates.  These 
estimated  were  plotted  over  time  (1978  to  1995).  and  a  least- 
squares  trend  analysis  was  conducted. 

Dredge  crab  landings  for  the  period  1978  to  1995  were  utilized 
in  calculating  relative  exploitation  rates  associated  with  this  fish- 
ery. The  same  index  of  abundance  was  used  as  detailed  above  for 
the  crab  pot  fishery  (i.e..  geometric  mean  catch  per  tow  of  large 
crabs,  September  and  October).  Landings  were  divided  by  the 
abundance  index  to  generate  relative  exploitation  estimates  for 
each  year  of  the  time  series.  A  least-squares  trend  analysis  was 
then  completed  using  these  data. 

A  spawning  stock  biomass  index  was  developed  using  research 
trawl  survey  data  (Michels  1995).  The  arithmetic  mean  catch  per 
tow  of  adult  female  crabs  collected  in  April  and  May  during  the 
survey  was  used  to  generate  the  index  (Kahn  et  al.  1996).  In 
addition,  the  mean  carapace  width  was  calculated  for  adult  temalc 
crabs  collected  for  each  year  of  the  time  series  (1985  to  1995). 
Widths  were  converted  to  kg  using  a  formula  developed  by  Roth- 


schild et  al.  (1992)  for  calculating  the  mean  weight  per  adult 
female  crab  in  Chesapeake  Bay.  Mean  weights  were  multiplied  by 
the  index  of  abundance  to  formulate  mean  weight  per  tow.  Finally, 
a  least-squares  trend  analysis  was  completed  on  the  spawning 
stock  biomass  index. 

RESULTS  AND  DISCUSSION 

Commercial  landings  of  blue  crabs  in  Delaware  during  the  past 
decade  have  averaged  4.5  million  pounds  per  year  (Fig.  I).  These 
landings  represent  historically  high  yields  for  this  fishery  from  the 
standpoint  of  total  catch  and  temporal  duration.  A  review  of  land- 
ings data  since  1941  indicate  catches  achieved  or  exceeded  4.5 
million  pounds  only  three  times  prior  to  1987.  During  the  decades 
of  the  40s,  50s.  60s.  and  70s  catches  fluctuated  dramatically,  and 
periods  of  comparably  high  yields  were  never  sustained  for  more 
than  I  or  2  years.  However,  yields  of  four  million  pounds  or  more 
have  been  realized  during  each  of  the  last  9  years  (Fig.  1 1.  These 
high  levels  of  catch  are  unprecedented  in  the  history  of  this  fishery. 

Increasing  consumer  demand  for  crab  meat  in  conjunction  with 
very  limited  opportunities  for  participation  in  other  fisheries,  at- 
tributable to  the  general  overfished  condition  of  many  commercial 
marine  resources,  has  resulted  in  record  levels  of  harvesting  effort 
directed  toward  Delaware  blue  crabs.  Market  demand  for  crabs  has 
resulted  in  escalated  prices  paid  to  harvesters,  in  1995  the  dockside 
value  of  the  Delaware  harvest  was  approximately  $6..^  million.  An 
example  of  these  escalating  prices  would  be  the  S5.75  average 
price  paid  per  bushel  for  mature  female  crabs  harvested  during  the 
fall  of  1990.  In  contrast,  the  same  average  bushel  was  $18.00  in 
1995.  All  these  factors  (price,  demand,  limited  opportunities)  have 
resulted  in  increased  effort  levels  in  this  fishery. 

Figure  2  depicts  the  increased  interest  in  this  resource  based  on 
the  number  of  harvesting  licenses  issued  for  the  crab  pot  fishery. 
Delaware's  resource  managers  were  concerned  about  this  rate  of 
increase,  and  in  1990.  legislation  was  developed  to  limit  the  num- 
ber of  new  licenses  issued.  When  this  legislation  was  finally  ap- 
proved by  the  legislature,  it  provided  that  anyone  who  had  ever 
owned  a  license  would  be  eligible  to  participate  in  the  fishery. 
Essentially,  this  provision  significantly  expanded  the  eligibility 
criteria,  and  the  number  of  new  licenses  issued  continued  to  in- 


ZJU 

|-^ 

1 — , 

200 

- 

It 

S  150 

i—] 

r-n 

r-| 

J 

o 

— 

1  100 

c 

^ 

n 

' 

50 

1— 1 

,.. 

75      77      79      81       83       85       87      89      91       93      95 
Year 
Figure  2.  Number  of  commercial  crab  pot  licenses  issued  in  Delaware 
(1975  to  1995). 
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crease  through  1994  (Fig.  2).  A  reguhilion  was  promulgated  ui 
1994  that  required  annual  renewal  of  licenses  for  eligibility  to 
maintain  a  commercial  crabbing  license.  This  regulation  pertains 
both  to  crab  pot  and  dredge  licenses  and  prevented  anyone  from 
taking  advantage  of  any  unused  licenses  as  a  means  for  new  en- 
trants to  gain  access  to  the  fishery.  It  seems  that  this  new  regula- 
tory measure  has  been  effective  in  the  crab  pot  fishery,  because  the 
number  of  licenses  actually  dropped  by  one  in  1995. 

The  number  of  commercial  crab  pot  licenses  issued  each  year 
is  not  the  only  measure  of  effort  that  can  be  used  to  evaluate 
participation  in  this  fishery.  The  average  number  of  crab  pots  that 
fishers  reported  they  used  for  each  month  they  fished  indicated  an 
increasing  trend  in  the  amount  of  gear  being  used  each  year  (Fig. 
3).  Another  measure  of  effort,  the  number  of  boat  days  that  fishers 
devote  to  crab  potting,  also  shows  a  steadily  increasing  trend  since 
1988  (Fig.  4).  In  summary,  ail  three  indices  show  similar  trends  of 
increasing  levels  of  effort  directed  toward  this  resource. 

Indices  of  effort  for  the  crab  dredge  fishery  also  show  over-all 
increasing  levels  of  participation  over  time  based  on  the  number  of 
licenses  issued  and  number  of  boats  days  directed  toward  dredge 
fishing.  The  number  of  dredge  licenses  issued  has  increased  stead- 
ily since  1985  despite  the  enactment  of  legislation  in  1990  to  limit 
entry  into  the  fishery  (Fig.  5).  .Again,  provisions  in  the  legislation 
that  allowed  anyone  who  had  previously  held  a  license  to  qualify 
for  entry  into  the  fishery,  substantially  increased  potential  eligibil- 
ity and  resulted  in  many  unused  licenses  being  transferred  to  new 
entrants.  Regulations  adopted  in  1994  requiring  annual  renewal  of 
dredge  licenses,  even  if  they  are  not  being  actively  used,  should 
result  in  an  effective  cap  on  new  participants.  Effort,  as  measured 
by  the  number  of  boat  days,  has  fluctuated  dramatically  for  this 
fishery  (Fig.  6).  Most  of  this  fluctuation  is  a  function  of  resource 
availability  and  on  average  effort  during  1993-1995  remained  at 
high  levels. 

Although  effort  increases.  CPUE  has  been  declining  in  the  crab 
pot  fishery.  CPUE  peaked  in  1990.  declined  for  2  years,  and  seems 
to  have  stabilized  over  the  last  4  years  (Fig.  7).  A  similar  trend  is 
evident  based  on  the  CPUE  associated  with  the  number  of  crab 
pots  reponed  being  fished  (Fig.  8).  To  use  CPUE  as  an  indicator  of 
stock  abundance,  it  is  assumed  that  an  increase  or  decrease  in  stock 
size  will  result  in  a  similar  chance  in  CPUE  in  the  commercial 


1995 


Figure  4.  Total  number  of  boat  days  directed  toward  commercial  crab 
potting  in  Delaware  Bay  (1983  to  1995). 


fishery.  Unfortunately,  we  know  that  the  efficiency  of  the  fishing 
fleet  has  improved  over  the  13  years  that  CPUE  information  has 
been  available.  One  unit  of  effort  in  1995  is  much  nwre  efficient 
than  one  unit  of  effort  in  1 984.  Therefore,  although  CPUE  seems 
to  have  stabilized  over  the  most  recent  4  years,  which,  on  the 
surface,  may  suggest  consistent  levels  of  abundance,  in  reality 
improved  efficiency  is  probably  artificially  stabilizing  the  trend. 
Given  the  data,  any  attempt  to  put  all  the  effort  measurements  on 
the  same  level  would  essentially  be  conjecture  on  our  part.  Instead 
it  was  decided  that  an  analysis  of  spawning  stock  biomass  abun- 
dance, based  on  biological  trawl  data,  would  be  formulated  to 
provide  insight  into  stock  abundance  levels.  In  addition,  relative 
exploration  rates  were  developed  to  determine  trends  in  spawning 
stock  removal  by  various  fisheries  over  time. 

Lipcius  and  Van  Engel  (1990)  and  Kahn  et  al.  (1996)  have 
shown  that  recruitment  in  blue  crab  populations  is  in  part  depen- 
dent upon  spawning  stock  biomass  levels.  A  portion  of  the  crab 
spawning  stock  always  has  been  targeted  for  harvest  in  the  crab 
pot.  peeler,  and  dredge  fisheries  in  Delaware.  Historicallv.  sub- 
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Figure  3.  Sum  of  the  average  number  of  crab  pots  flshed  per  month  as  Figure  5.  Number  of  commercial  crab  dredge  licenses  issued  in  Dela- 

reported  from  mandatory  log  books.  ware  (1984  to  1995). 
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Figure  6.  Total  number  of  boat  days  directed  toward  commercial  irah 
dredging  in  Delaware  Bay  (1984  to  1995). 

stantial  quantities  of  mature  females  were  landed  in  the  spring 
(May)  just  before  they  cushioned  for  spawning.  State  statute  pro- 
hibits harvesting  any  female  crabs  with  external  eggs,  so  the  spring 
run  was  normally  quite  productive,  although  short  in  duration. 
Crab  potters  have  begun  to  concentrate  considerable  effort  on  har- 
vesting adult  females  in  the  fall  (September  and  October)  during 
the  period  of  1991  through  1995,  because  of  increased  demand  and 
value  for  crab  meat  at  this  time  of  the  year.  Landings  of  mature 
females  have  on  average  more  than  doubled  since  1991.  and  this 
increase  can  be  attributed  to  changes  in  directed  fishing  patterns 
(Fig.  9).  In  addition,  because  landings  data  for  the  traditional 
spring  fishery  show  a  decline,  it  is  unclear  what  the  net  impact  of 
these  escalated  fall  catches  are  having  on  the  resource.  To  deter- 
mine if  these  new  directed  fishing  patterns  are  resulting  in  higher 
levels  of  stock  removal  an  analysis  of  relative  exploitation  was 
completed. 

Exploitation  rate  is  defined  as  the  proportion  of  a  popuhiliiui  at 
the  beginning  of  a  given  time  period  that  is  caught  during  that  time 
period.  A  research  trawl  survey  index  was  used  to  define  changes 
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Figure  8.  Average  catch  per  crab  pot  in  Delaware  Bay  (1985  to  1995). 

in  adult  female  crab  stock  abundance  levels  over  time.  Kahn  et  al. 
(1996)  reported  that  the  arithmetic  mean  catch  per  tow  of  large 
crabs  (>120  mm)  in  the  biological  trawl  survey  was  significantly 
(p  <  .0018,  R-  =  46.6%)  coiTclated  to  landings  of  adult  hard  shell 
crabs  in  the  commercial  pot  fishery.  As  such,  it  was  decided  to  use 
the  geometric  mean  catch  per  tow  of  large  crabs  from  the  trawl 
survey  during  September  and  October  as  an  index  of  abundance  in 
the  exploitation  analysis.  Catch  was  defined  as  the  number  of 
mature  sooks  harvested  during  September  and  October  by  the  pot 
fishery  (Fig.  9).  Based  on  these  parameters,  an  index  of  relative 
exploitation  for  the  period  1978  to  1995  was  fonnulated  (Fig.  10). 
Results  from  a  trend  analysis  of  these  data  indicate  a  significant  (p 
<  .05,  R-  =  24.7%)  positive  trend  in  exploitation.  Therefore,  these 
findings  indicate  that  recent  changes  in  harvest  patterns  which 
resulted  in  an  expanded  directed  fall  fishery  have  increased  ex- 
ploitation on  mature  female  crabs. 

Landings  of  peeler  crabs  increased  fourfold  from  1991  to  1995, 
as  compared  to  long-term  historical  catches  (1984  to  1990)  (Fig. 
1  1 ).  These  increased  landings  reflect  over-all  expanded  effort  lev- 
els in  the  fishery  in  combination  with  new  changes  in  gear  design. 
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Figure  7.  Average  catch  per  boat  day  in  the  blue  crab  pot  fishery.       Figure  9.  Number  of  bushels  of  mature  crabs  harvested  by  Delaware 
Delaware  Bay  (1983  to  1995).  fishers  during  September  and  October  (1974  to  1995). 
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Figure  10.  Relative  exploitation  rates  (the  proportion  of  a  population 
at  the  beginning  of  a  given  time  period  that  is  caught  during  that  time 
period)  based  on  the  September  and  October  harvest  of  mature  female 
crabs  in  the  pot  fishery. 
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Figure  12.  Relative  exploitation  rates  (the  proportion  of  a  population 
at  the  beginning  of  a  given  time  period  that  is  caught  during  that  time 
period)  based  on  the  harvest  of  peeler  crabs  b>  Delaware  fishers  (1978 
to  1995). 


Small  mesh  ( 1  in  I  crab  pots  (ievelopecj  specifically  to  catch  peelers 
ha\e  become  more  popular  with  Delaware  fishers.  Traditionally, 
standard  hard  shell  crab  pots  with  larger  mesh  (1.5-2.0  in)  and 
restricted  throat  openings  were  used  to  catch  peelers.  Although 
these  pots  were  fairly  effective  in  catching  larger  size  immature 
females  in  the  ultimate  molt,  smaller  size  crabs  in  penultimate  molt 
stage  were  able  to  escape  through  the  mesh.  The  expanded  use  of 
smaller  mesh  pots  has  enabled  fishers  to  retain  these  smaller  crabs 
and  thus  reduced  the  size  at  first  entry  for  the  pot  fishery.  There- 
fore, the  potential  for  increased  harvest  exists,  because  immature 
crabs  are  more  vulnerable  to  the  harvesting  gear  over  a  longer  time 
frame.  To  determine  if  these  high  peeler  catch  levels  have  resulted 
in  a  greater  proportion  of  over-all  removal  from  the  stock  over 
time,  a  relative  exploitation  analysis  was  completed  for  the  peeler 
fishery. 

Population  abundance  for  the  analysis  was  measured  by  using 


the  geometric  mean  catch  per  tow  of  medium  size  crabs  collected 
during  .^pril  through  August  (1978  to  1995)  in  the  trawl  survey 
(Michels  1995).  Kahn  et  al.  (1996)  correlated  (p  =  .0004,  R"  = 
84.9%)  the  trawl  catch  of  mediums  with  commercial  peeler  land- 
ings to  verify  the  index.  Annual  commercial  landings  of  peelers 
(1978  to  1995)  were  used  to  provide  data  on  harvest  levels.  A 
significant  (p  <  .05.  R~  =  25.9%)  positive  trend  in  exploitation 
was  evident  over  the  18-year  time  series  (Fig.  12).  These  findings 
confirm  that  increased  peeler  landings,  especially  from  1992  to 
1995.  have  resulted  in  higher  exploitation  rates  on  this  component 
of  the  spawning  stock. 

Average  landings  for  the  crab  dredge  fishery'  from  1993  to  1995 
were  507f  higher  than  the  long-term  ( 1984  to  1992)  mean  harvest 
level  (Fig.  13).  In  addition,  over-all  effort  levels  continue  to  remain 
high,  despite  efforts  to  limit  the  number  of  participants  in  the 
fishery  through  a  license  moratorium  system.  For  these  reasons,  it 
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Figure  11.  Number  of  individual  peeler  crabs  harvested  by  Delaware       Figure  13.  Number  of  pounds  of  blue  crabs  harvested  by  Delaware 
fishers  (1974  to  1995).  dredge  fishers. 
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Figure  14.  Relative  exploitation  rates  (the  proportion  of  a  population 
at  the  beginning  of  a  given  time  period  that  is  caught  during  that  time 
period!  based  on  the  harvest  of  mature  female  crabs  in  the  Delaware 
dredge  fishery. 

was  decided  to  evaluate  recent  increased  harvest  levels  to  deter- 
mine if  higher  landings  represent  increased  removals  from  a  given 
stock  size.  Moreover,  because  the  vast  majority  (84%)  of  crabs 
harvested  in  this  fishery  are  mature  females,  the  potential  impact 
on  spawning  stock  biomuss  (SSB)  levels  could  be  substantial. 

The  same  index  of  abundance  used  in  the  crab  pot  exploitation 
analysis  was  employed  for  this  evaluation  (i.e.,  the  geometric  mean 
catch  per  tow  of  large  crabs  collected  in  September  and  October). 
Once  again,  catch  was  defined  as  the  total  annual  landings  of 
mature  females  harvested  by  the  crab  dredge  fleet.  A  significant  (p 
<  .001,  R-  =  51.7%)  positive  trend  in  exploitation  rates  evident 
from  this  analysis  indicated  that  a  greater  proportion  of  adult  fe- 
male crabs  were  being  removed  from  the  stock  each  year  by  the 
dredge  fishery  (Fig.  14). 

All  three  analyses  show  a  significant  increasing  trend  in  the  rate 
of  exploitation  on  both  potential  (peelers)  and  actual  spawning 
stock.  Therefore,  a  measure  of  relative  SSB  was  developed  to 
determine  recent  trends  in  abundance  (Kahn  et  al.  1996).  An  index 
of  SSB  based  on  CPUE  of  mature  female  crabs  collected  in  the 
trawl  survey  during  April  and  May  (1985  to  1995),  indicated  a 
significant  (p  <  .OUR"  =  62%)  declining  trend  in  abundance  over 
the  time  series  (Fig.  15). 

The  importance  of  maintaining  adequate  levels  of  SSB  to  en- 
sure a  high  probability  of  stable  recruitment  has  become  evident  in 
recent  studies  (Lipcius  and  Van  Engel  1990,  Kahn  et  al.  1996). 
Findings  from  our  analysis  indicate  that  SSB  has  been  declining  in 
Delaware  Bay  since  the  mid-1980s,  and  exploitation  rates  in  fish- 
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Figure  15.  Index  of  spawning  stock  biomass  in  Delaware  Bay  based  on 
trawl  survey  data. 

eries  that  target  the  spawning  stock  have  been  increasing.  Because 
fishing  mortality  is  almost  always  assumed  to  be  proportional  to 
fishing  effort,  a  risk-averse  approach  to  managing  this  resource 
should  attempt  to  limit  effort  in  the  three  fisheries  (fall  crab  pot, 
peeler,  dredge)  that  direct  on  the  spawning  stock.  Particular  atten- 
tion should  be  focused  on  continued  monitoring  of  effort  through 
mandatory  reporting  and  collection  of  effort  indices  by  port  agents. 
Delaware's  limited  entry  program  in  combination  with  new  regu- 
lations that  require  annual  license  renewal  should  stabilize  the 
number  of  individuals  eligible  to  participate  in  the  fishery.  How- 
ever, unless  these  measures  ultimately  result  in  reduced  levels  of 
directed  effort,  SSB  levels  will  probably  continue  to  decline. 
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ABSTRACT  New  Jersey  is  near  the  northern  extreme  of  the  range  of  the  blue  crah.  Callinecles  sapidtis.  Blue  crabs  occur  mi  Rantan 
Bay.  Atlantic  coastal  estuaries  and  sounds,  and  in  Delaware  Bay.  Spawning  proceeds  during  the  summer,  peaking  in  July  and  August. 
Based  on  monthly  trawl  surveys  in  the  Delaware  Bay.  the  period  of  greatest  occurrence  of  newly  settled  juveniles  seems  to  be  August 
through  October.  Wire  mesh  pots  and  dredges  are  the  principal  commercial  fishing  gear.  Minimum  size  for  the  commercial  harvest  of 
hard  crabs  is  4  3/4  in,  and  egg-bearing  females  cannot  be  possessed.  Many  crabbers  bait  pots  with  males  to  catch  shedder  crabs  in  late 
spring  and  summer  months.  These  crabs  are  held  in  floats  or  tlow-through  tanks  to  shed  and  then  sold  to  wholesalers  or  retailers.  From 
December  1  to  March  3 1 .  crab  dredging  is  permitted  in  most  estuaries.  Commercial  licenses  are  needed  for  crab  potting  and  dredging. 
Current  regulations  are  intended  to  reduce  the  number  of  pot  and  dredge  licenses  by  limited  entry  and  attrition.  Statewide  commercial 
landings  have  increased  from  low  levels  in  the  early  1980s  and  have  remained  high.  In  1994.  the  catch  was  5.6  x  10''  pounds,  at  an 
ex-vessel  value  of  $4.1  million.  The  shedder  harvest  reached  an  all-time  high  of  3.5  x  10*'  pounds  in  1995.  The  recreational  catch  of 
blue  crabs  is  substantial  and  may  equal  or  e.xceed  the  commercial  catch.  A  recreational  license  is  needed  to  set  a  maximum  of  two 
commercial-style  pots.  The  minimum  size  for  the  recreational  catch  of  hard  crabs  is  4  1/2  in.,  with  a  maximum  per  person  harvest  of 
one  bushel  per  day.  Hand  lines,  collapsible  traps,  and  dip  nets  may  be  used  without  a  license. 

KEY  WORDS:     blue  crab.  Callinecles  sapijiis.  fisheries 


INTRODUCTION 

Although  blue  crabs.  Callinecles  sapidus  Rathbun.  occur  spo- 
radically north  of  Cape  Cod.  (Harris  1982.  Williams  1984).  New 
Jersey  is  the  northernmost  area  of  large-scale  commercial  harvest- 
ing. The  major  New  Jersey  waters  supporting  blue  crab  popula- 
tions are  Raritan  Bay  and  its  tributaries.  Delaware  Bay.  and  the 
Atlantic  coastal  estuaries. 

This  paper  presents  a  review^  of  the  biology  and  fisheries  of 
blue  crabs  in  New  Jersey.  Crab  populations,  however,  mix  within 
estuaries  divided  by  state  boundaries.  We  assume  that  adult  crabs 
and  juveniles  of  both  sexes  spawned  in  Raritan  Bay  either  live  in 
the  Hudson  River  and  its  tributaries  or  in  any  of  the  New  Jersey 
tributaries.  Similarly,  crabs  spawned  in  the  Delaware  Bay  may 
have  used  either  New  Jersey  or  Delaware  estuaries  as  nursery 
grounds.  Some  New  Jersey  crabbers  buy  New  York  licenses,  har- 
vest crabs  in  New  York  waters,  and  land  those  crabs  in  New 
Jersey.  In  the  Delaware  Bay,  crabbers  do  not  cross  state  bound- 
aries, because  Delaware  does  not  issue  nonresident  licenses. 

METHODS 

Data  were  obtained  from  published  literature,  the  National  Ma- 
rine Fisheries  Service  (NMFS)  commercial  fisheries  database, 
published  and  unpublished  trawl  survey  data,  and  conversations 
with  commercially  licensed  crabbers  and  dealers.  All  fishery- 
dependent  data  are  limited  to  New  Jersey  landings.  Weights  are 
reported  in  pounds  of  whole  crabs.  All  blue  crab  measurements  are 
carapace  width  (CW),  point-to-point  of  the  anterolateral  spines. 
The  standard  conversion  factor  for  a  bushel  of  crabs  in  New  Jersey 
is  40  pounds. 

The  New  Jersey  Division  of  Fish.  Game,  and  Wildlife 
(NJDFGW)  has  conducted  a  juvenile  blue  crab  survev  in  the  Dela- 


ware Bay  since  1981.  Fixed  stations  are  sampled  monthly  from 
April  through  October  with  a  16-ft  (4.9-m)  otter  trawl.  1/2  in 
( 1 .3-cm)  cod  end  liner.  Tows  are  made  into  the  prevailing  tide  for 
10  min.  Stations  are  mostly  within  3/4  miles  of  shore,  where  depth 
at  low  water  is  6-12  ft.  The  mean  distance  per  tow  is  approxi- 
mately 0.35  nautical  miles.  Crabs  are  measured  to  ±1  mm.  sexed, 
and  enumerated. 

The  NMFS  James  J.  Howard  Laboratory  at  Sandy  Hook  has 
conducted  a  trawl  survey  of  Raritan  Bay  since  June  1991.  About 
40  stations,  chosen  in  a  randomly  stratified  design,  are  sampled 
each  month,  although  some  months  have  been  missed.  Stations  are 
in  water  5^4  m  because  of  the  draft  of  the  vessel.  A  30-ft  otter  trawl 
with  3-in  mesh.  2-in  mesh  cod-end  liner,  and  tickler  chain  is  towed 
for  10  min  per  station.  Crabs  are  measured  to  ±1  cm,  sexed,  and 
enumerated. 

BIA  F.  CRAB  BIOLOGY 

Habitat  and  Temperature  Preferences 

Blue  crabs  are  found  in  New  Jersey  estuaries  and  tidal  waters 
(Fig.  I ).  Northern  estuaries  include  Raritan  Bay  and  its  tributaries: 
the  Hudson  River.  Kill  Van  Kull.  Arthur  Kill.  Newark  Bay,  Upper 
Bay.  Raritan  River,  Navesink  River,  and  Shrewsbury  River.  The 
areas  known  collectively  as  the  Atlantic  coastal  estuaries  include 
Bamegat  Bay.  Little  Egg  Harbor  Bay.  Great  Bay.  Great  Egg  Har- 
bor Bay.  and  smaller  sounds  and  bays  behind  barrier  islands  south 
through  Cape  May  County.  In  the  Delaware  Bay.  the  highest  con- 
centrations of  commercially  harvested  crabs  are  within  1  mile  of 
the  shorelines  of  Salem.  Cumberland,  and  Cape  May  counties,  and 
w ithin  the  concave  area  of  the  Delaware  Bay  at  the  mouth  of  the 
Maunce  River.  We  have  noted  their  occurrence  as  far  north  as 
Bordentown  on  the  Delaware  Bay.  Crabs  are  also  harvested  in  the 
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Figure  I.  New  Jersey  counties,  estuaries,  and  rivers  important  in  the 
distribution  and  fisheries  of  the  blue  crab,  Calliiiecles  sapidiis. 

tributaries  of  the  Delaware  Bay,  such  as  the  Cohansey  and  Maurice 
rivers. 

Blue  crabs  occur  in  salinities  from  freshwater  to  full-strenglh 
sea  water.  Typically,  the  crabs  migrate  toward  lower  salinity  wa- 
ters as  they  develop.  Once  mature,  the  males  generally  remain  in 
lower  salinity  throughout  their  lives,  whereas,  adult  females  move 
close  to  estuary  mouths  after  mating  (Williams  1984).  In  New 
Jersey,  we  have  observed  juvenile  and  adult  blue  crabs  on  sub- 
strates including  bare  sand,  mud,  shell  hash,  eelgrass  {.Zosteni 
marina),  drifting  or  attached  macroalgae,  and  flooded  marsh 
grasses.  Macroalgae,  consisting  of  sea  lettuce  (Uha  lactiaa)  and 
other  species,  accumulates  in  masses  in  tidal  or  subtidal  embay- 
ments  or  coves,  providing  blue  crab  habitat.  Delaware  Bay  has 
little  eelgrass  or  macroalgal  habitat.  We  have  noted  large  numbers 
of  juvenile  crabs  in  marsh  grass  detritus  that  accumulates  in  areas 
adjacent  to  the  mouths  of  tributaries  of  the  Delaware  Bay. 

Blue  crabs  grow  when  the  temperatme  is  approximately  I5"C 
or  greater  (Van  Engel  et  al.  197.^  in  Milliken  and  Williams  19X4). 
In  a  laboratory  experiment,  blue  crabs  rarely  molted  at  1.VC,  but 
molted  and  grew  lS-24%  in  width  per  molt  at  I5°C  and  above 
(Leffler  1972).  Water  temperatures  usually  reach  I3°C  by  May  in 
the  Delaware  Bay  and  Great  Bay,  and  a  few  weeks  to  a  month  later 
in  Raritan  Bay  (Fig.  2). 

Crabbers  reported  that  blue  crabs  do  not  enter  pots  when  water 
temperatures  are  below  1I-1.^"C.  At  <3°C,  crabs  are  relatively 
inactive  and  frequently  burrow  mto  the  sediment  (Auster  and  De- 


Goursey  1994).  New  Jersey  estuarine  waters  typically  fall  below 
that  temperature  each  winter.  However,  some  movements  of  crabs 
occur  during  that  time  (Albert  Thompson,  crabber,  pers.  comm. 
1993). 

Eggs  and  Larvae 

We  have  noted  female  blue  crabs  with  egg  masses  from  spring 
through  December  in  New  Jersey.  A  crabber  from  Salem  County 
reported  that  they  begin  to  "sponge  up'"  in  June,  and  by  July  and 
August  most  females  have  gone  to  the  lower  Delaware  Bay,  out  of 
the  area  of  his  pots.  July  and  August  were  mentioned  as  the  peak 
tiionths  of  egg-bearing  by  various  observers  (the  authors;  Des- 
mond Kahn  and  Richard  Cole.  Delaware  Department  of  Natural 
Resources  and  Environmental  Control  |DNREC|,  Dover;  and 
Charles  Epifanio,  Univ.  of  Delaware,  Lewes;  pers.  comm.  1996). 

After  overwintering,  female  crabs  release  their  eggs  at  or  near 
the  mouths  of  estuaries.  Larvae  develop  on  the  inner  continental 
shelf  and  later  return  to  the  estuaries.  In  Raritan  Bay,  blue  crab 
larvae  occur  in  midsummer,  with  a  peak  of  abundance  in  August 
(Sage  and  Herman  1972).  In  Barnegat  Bay,  zoeae  are  found  from 
May  through  October  (Kennish  et  al.  1984).  Zoeae  are  present 
from  within  the  Delaware  Bay  to  30  km  offshore  of  the  bay  mouth 
from  late  June  through  September,  with  a  peak  in  August  (Dittel 
and  Epifanio  1982,  Epifanio  1988).  Megalopae  invade  estuaries  in 
pulses,  aided  by  the  propulsion  of  wind,  and  enter  creeks  on  flood 
tides  (Little  and  Epifanio  1991 ).  They  set  from  late  July  or  August 
through  October  (Jones  and  Epifanio  1993.  NJDFGW  data). 

Settlement  and  Young-of-the-  Year  Crabs 

In  the  Chesapeake  Bay,  blue  crab  settlement  is  protracted,  with 
two  high  periods  per  year  (Van  Engel  1938).  Megalopae  are  col- 
lected through  November  (Orth  and  Van  Montfrans  1990).  Fewer 
months  of  suitable  temperatures,  such  as  in  New  Jersey  waters, 
leads  to  a  shorter  time  of  megalopal  occurrence  (Orth  and  Van 
Montfrans  1990).  Therefore,  it  is  likely  that  there  is  only  one  major 
settlement  of  blue  crabs  per  year  in  New  Jersey  waters. 

In  the  Hudson  River,  young-of-the-year  crabs  are  present  from 
late  August  through  October,  particularly  in  shallow,  vegetated 
habitats  (Wilson  and  Able  1992).  In  the  Delaware  Bay,  nursery 
grounds  are  along  shorelines  and  in  most  tributaries.  In  Atlantic 
coast  estuaries,  recruitment  of  small  juveniles  to  the  bottom  occurs 
mainly  from  late  August  through  November  (Wilson  et  al.  1990a). 
Densities  of  juveniles  averaged  0-3/m"  in  1986  and  1987  in  eel- 
grass, macroalgae,  marsh  creeks,  and  unvegetated  sites  in  Little 
Egg  Harbor  and  Great  Bay  (Wilson  et  al.  1990a).  In  eelgrass  beds 
of  Barnegat  Bay.  juveniles  were  as  dense  as  40/nr  during  1988. 
Despite  occasional  patches  of  high  density,  recruitment  is  much 
lower  in  New  Jersey  than  in  southern  states  such  as  Virginia  and 
Louisiana  (Wilson  et  al.  199()a). 

Great  variability  exists  from  year  to  year  in  settlement  and 
survival  of  juvenile  blue  crabs.  In  the  Hudson  River,  juveniles 
were  much  more  numerous  in  summer  1991  than  1989  or  1990 
(Wilson  and  Able  1992).  During  beach  seine  surveys  in  Raritan 
Bay  and  its  tributary,  the  Navesink  River,  juveniles  were  abundant 
in  summer  1992  but  less  common  in  199.^,  I4')4.  and  1943  (James 
J.  Howard  laboratory  unpublished  data). 

The  NJDFGW  juvenile  crab  survey  has  recorded  large  yeariy 
differences  in  abundance  (Fig.  .3).  The  juvenile  index  is  the  aver- 
age number  of  crabs  per  tow  in  Delaware  Bay.  Some  crabs  settle 
by  June  and  July,  but  the  highest  juvenile  index  in  1993  was 
September;  in  1994,  August;  and  in  1993,  October.  The  April  1992 
peak  (Fig.  3)  probably  represents  overwintered  crabs.  The  year  of 
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Figure  2.  a.  Bottom  water  temperature  in  Raritan  Bay.  1991  to  1994,  from  James  J.  Howard  Laboratory  trawl  surveys,  b.  Surface  water 
temperature,  from  ,^5-year  average  in  Maurice  River  Cove,  the  Delaware  Bay  (N.J.  Bureau  of  Sheliflsheries)  and  1970s  averages  in  Great  Bay 
(N.J.  Bureau  of  Marine  Fisheries). 


highest  settlement  as  measured  by  the  yearly  mean  was  1993.  In 
the  Delaware  Bay.  the  abundance  of  recently  settled  crabs  in  trawl 
catches  was  also  highest  in  August  or  September  (Kahn  et  al.,  this 
volume). 

Based  on  trawl  surveys,  the  standing  stock  of  blue  crabs  in 
Bamegat  Bay.  including  all  size  classes  but  composed  mostly  of 
juveniles,  was  estimated  at  4  x  10'^  crabs  in  summer  1976  and 
700.000  crabs  in  1977.  More  crabs  were  captured  in  eelgrass  than 
on  sand  bottoms  and  along  the  eastern  side  of  Bamegat  Bay  than 
the  western  side  (Kennish  et  al.  1984). 

Young-of-the-year  blue  crabs  move  into  subtidal  portions  of 
marsh  creeks  of  Great  Bay  in  late  summer  and  fall.  They  appar- 
ently overwinter  there,  then  descend  out  of  the  creeks  the  follow- 
ing spring  (Rountree  and  Able  1992). 

Growth 

In  the  Hudson  River,  in  1991.  young-of-the-year  crabs  attained 
10-20  mm  CW  by  August,  and  the  median  CW  by  October  was 
45-50  mm.  although  some  reached  60  mm  (Wilson  and  Able 
1992).  In  Bamegat  Bay.  some  individuals  reach  60  mm  after  their 
first  summer  of  life  (Kennish  et  al.  1984). 

In  blue  crabs,  frequency  of  molt  and  molt  increment,  which 
determine  growth  rate,  are  variable  depending  upon  location,  tem- 
perature, and  available  food  (Tagatz  1968).  In  the  Chesapeake 
Bay,  most  females  reach  maturity  the  second  autumn  after  hatch- 
ing (Van  Engel  1958.  Harris  1982).  Females  can  complete  their 
growth  on  this  timetable  if  they  set  early  enough  in  summer  to 
grow  to  50-60  mm  before  their  first  winter,  and  experience  favor- 
able temperatures  the  following  spring  and  summer.  In  the  Dela- 
ware Bay,  blue  crabs  also  follow  this  growth  pattern  (Desmond 


Kahn  and  Richard  Cole,  Delaware  DNREC,  Dover,  pers.  comm.. 
1996). 

Because  water  temperatures  in  Raritan  Bay  are  cold  longer  than 
in  the  Chesapeake  Bay.  we  suspect  that  growth  may  be  slower. 
Length-frequencies  from  the  Raritan  Bay  trawl  survey  were  ex- 
amined (Figs.  4  and  5).  From  June  through  December  (1992),  large 
numbers  of  12-14  cm  females  were  present  (Fig.  4).  In  June,  a 
distinct  cohort  of  5-7  cm  females  appeared  in  the  catch.  The 
largest  of  these  should  be  able  to  mature  by  autumn  (Willard  Van 
Engel,  Virginia  Institute  of  Marine  Science,  Gloucester  Point,  pers. 
comm.  1996).  Smaller  individuals  may  require  another  year  of 
growth  to  reach  maturity,  but  further  study  is  desirable.  Among 
male  crabs,  a  cohort  of  5-7  cm  appeared  in  June,  and  larger  crabs 
were  present  all  year  (fig.  5). 
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Figure  3.  The  Delaware  Bay  juvenile  blue  crab  index  (number  per  tow 
of  crabs  <6()  mm  I  from  N.J.  Division  of  Fish,  Game,  and  Wildlife  trawl 
survevs,  1991  to  1995. 
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Figure  4.  Length  frequencies  of  female  blue  crabs  (n  =  2075)  from 
Raritan  Bay,  1992,  by  month,  James  J.  Howard  Laboratory  trawl 
surveys. 
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Figure  5.  Length  frequencies  of  male  blue  crabs  (n  =  1379)  from  Rari- 
tan Bay,  1992,  by  month,  James  J.  Howard  Laboratory  trawl  surveys. 


Abundance  of  Ijirge  Crabs 

There  are  few  fishery-independent  measures  of  adult  blue  crab 
abundance  in  New  Jersey.  Most  surveys  include  recently  settled 
crabs  and  are  based  on  numerical  abundance.  In  Delaware  Bay. 
large  crabs  (>115  mm)  were  scarce  in  1978  after  the  extremely 
cold  winter.  After  that  time,  abundance  of  large  crabs  increased  to 
a  high  in  1990.  and  has  remained  approximately  stable  from  1985 
to  1994  (Kahn  et  al,.  this  \olume). 

Diet 

In  Raritan  Bay,  of  >400  stomachs  examined,  blue  crabs  con- 
sumed by  volume  44%  mollusks,  40%  crabs,  1  %  polychaetes,  and 
15%  other  or  unidentified  matter  (Fig.  6).  They  did  not  feed  during 
the  winter  months.  This  diet  is  similar  to  diets  in  other  areas,  but 
lacks  the  quantities  of  plant  matter  and  fish  that  have  been  reported 
(Milliken  and  Williams  1984). 

Natural  Mortality 

Kennish  el  al,  ( 1984)  concluded  that  the  severe  wiiiler  of  I97fi 
to  1977,  when  most  bays  were  ice-covered  and  water  temperature 
was  0°C  for  long  periods,  killed  many  blue  crabs  that  settled  in 
Bamegat  Bay  in  1976.  Thousands  of  small  crabs  were  found  dead 
during  a  trawl  survey  the  following  March.  During  the  summer 
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TABLE  1. 

Summary  of  landings  and  c\-vfssel  value  of  blue  crabs  landed  at  New  Jersey  ports.  I'JSO  to  I994.  fnim  NMFS  commercial  fisheries 
database.  Landings  from  pots  also  include  a  small  percentage  landed  from  trauls,  lobster  pots,  and  pound  nets. 


Landings  in  Pounds 

Value  in  Dollars 

Hard  Crabs  from 

Hard  Crabs  from 

Hard  Crabs 

Year 

Pots  &  Misc. 

Hard  Crab  from  Dredges 

Shedders 

Pots  &  Misc. 

from  Dredges 

Shedders 

1980 

1,321,090 

416.200 

14,663 

563.901 

155.440 

8.643 

1981 

1,476,450 

63.050 

47.710 

529.377 

31,508 

49,544 

1982 

775,293 

17,120 

9.718 

268.444 

6,044 

11.453 

1983 

1.117.956 

62.120 

17.631 

484.176 

34,628 

25.120 

1984 

1,677,047 

7.080 

30.267 

697.828 

3.263 

41,018 

1985 

2.184.240 

121,560 

101.468 

922,582 

55.421 

142.767 

1986 

2.110,844 

499.200 

89.948 

973.607 

22 1 ,969 

111.615 

1987 

1.940.442 

909,135 

74,191 

979.535 

439.665 

89.153 

1988 

3,505,029 

1. 367. 1 20 

238.107 

1.576. 1 06 

656,908 

.320,317 

1989 

3,724,753 

1,776,560 

178,955 

1.793.528 

810,114 

236.220 

1990 

3,403,349 

I.I  19.350 

316.946 

1 .343.490 

653,386 

284,829 

1991 

4,187,377 

734.700 

49.524 

1.735.032 

403.556 

51,277 

1992 

5.009.339 

1. 148. 120 

372.182 

2.441.502 

806,822 

371,688 

1993 

6.149,541 

1 .370.400 

220.506 

2.889.554 

1.016.763 

275,141 

1994 

4.401.677 

754.684 

447.695 

2.900.778 

599.822 

577.965 

1977.  <59  mm  blue  crabs  were  scarce.  Cold  winters  are  respon- 
sible for  Ivills  of  adult  crabs  in  the  Chesapeake  Bay  (Van  Engel 
1982).  Anecdotal  observations  by  crabbers  and  the  authors  suggest 
that  winter  kills  of  adult  crabs  occasionally  happen  in  Raritan  Bay 
and  the  Delaware  Bay,  and  that  adults  are  more  vulnerable  than 
juveniles.  Crab  dredgers  from  both  areas  reported  a  substantia]  kill 
in  January  1996.  Further  research  is  needed  on  lethal  temperatures 
for  blue  crabs  of  various  sizes. 

Blue  crabs  are  most  vulnerable  to  predation  during  their  juve- 
nile and  postmolt  stages.  Predators  of  juvenile  crabs  in  the  Hudson 
River  include  Morone  ainericana.  M.  saxarilis.  Fundulus  diopha- 
nus,  Cynoscion  regalis.  and  Trinectes  maculatus.  The  average  size 
of  crab  preyed  upon  was  5  mm  (Wilson  and  Able  1992).  In  Raritan 
Bay.  cannibalism  is  prevalent  (Stehlik,  unpublished  data).  These 
predators  of  blue  crabs  are  similar  to  those  reported  in  other  states 
(Milliken  and  Williams  1984). 

Juvenile  blue  crabs  (<60  mm)  survived  predation  significantly 


better  in  muddy  macroalgal  habitats  than  unvegetated  habitats,  in 
an  experiment  where  they  were  restrained  by  being  tethered  to 
stakes  with  monofilament  line.  The  crabs  hid  among  sheets  of  sea 
lettuce  rather  than  burying  in  mud  (Wilson  et  al.  1990b).  Shallow 
estuarine  habitats  with  macroalgae  are  common  in  New  Jersey,  and 
may  be  important  for  crabs'  survival  in  areas  where  eelgrass  or 
marsh  grass  are  absent. 

COMMERCIAL  FISHERIES 

The  two  most  important  types  of  commercial  fishing  gear  in 
New  Jersey  are  the  pot  and  the  dredge.  Incidental  catches  in  pound 
nets,  otter  trawls,  and  lobster  pots  also  contribute  to  the  harvest 
(Table  1,  Fig.  7).  Blue  crabs  are  sold  in  two  market  categories, 
hard  crabs  and  shedder  crabs.  Crabs  are  graded  by  size,  with  the 
"number  ones;""  that  is  large  males,  bringing  a  higher  price  than 
"number  twos:""  that  is  females  or  small  males. 


■a 

c 


C 


Years 
Figure  7,  New  Jersey  hard  blue  crab  landings  and  ex-vessel  lalue  from  all  gear  types,  data  from  1950  to  1979  from  Rossi  and  Beck  (1983).  Data 
since  1980  from  N.MFS  commercial  fisheries  database. 
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TABLE  2. 

Crab  licenses  sold  by  the  New  Jersey  Division  of  Fish,  Game,  and 
Wildlife.  Eacli  calendar  year  begins  January  I. 


Commercial 

C 

ommercial 

Recreational 

Year 

Crab  Pot 

Ci 

rab  Dredge 

Crab  Pol 

1990 

311 

16(1 

949 

1991 

312 

133 

1128 

1992 

365 

209 

1967 

1993 

420 

289 

4679 

1994 

506 

222 

4865 

1995 

458 

280 

5 1 39 

Historical  data  on  liard  and  shedder  crab  harvests  since  1939 
show  the  total  value  of  the  catch  per  year  has  risen  steadily  (Sholar 
1982,  Rossi  and  Beck  1983.  Milliken  and  Williams  1984).  The 
average  price  per  pound  (all  market  categories)  was  $0.1 1  in  1957, 
$0.40  in  1980,  and  $0.68  in  1994. 

Certain  New  Jersey  regulations  pertain  to  all  crab  fisheries. 
Females  with  eggs  on  the  abdomen  cannot  be  possessed.  As  of 
1996,  the  commercial  size  limits,  point-to-point,  are  4  3/4  in  ( 1 20 
mm)  for  hard  crabs  and  3  in  (76  mm)  for  shedder  crabs. 

Pol  Fishery  for  Hard  Crabs 

A  commercial  crab  pot  license  is  required  to  sell  crabs  and  to 
set  more  than  two  pots.  Records  of  license  sales  exist  from  the 
Delaware  Bay  since  1969  and  for  the  Atlantic  coast  since  1985. 
The  number  of  licenses  provides  a  measure  of  fishing  effort  (Table 
2).  The  number  has  risen  in  the  1990s  primarily  as  a  result  of 
notice  to  create  a  limited  entry  fishery.  Under  a  1993  regulation, 
the  number  of  commercial  crab  pot  licenses  sold  yearly  will  be 
reduced  by  attrition  to  312.  Only  crabbers  who  owned  licenses  in 
1 99 1 .  1 992,  or  1 993  may  renew  their  licenses  each  year,  or  transfer 
them  to  their  spouses  or  children.  The  season  for  commercial  crab 
potting  was  formerly  unlimited,  but  as  of  1993  is  April   16  to 


December  14  in  the  Delaware  Bay  and  March  15  to  November  30 
in  all  other  waters. 

The  commercial  crab  pot  fishery  uses  wire  mesh  pots  baited 
with  fish,  usually  menhaden.  According  to  state  regulations,  pots 
must  be  cubic  or  rectangular,  no  larger  than  30  in  on  a  side,  with 
a  minimum  of  I  in  mesh.  The  openings  to  the  Interior  of  the  pot 
must  be  oval  and  not  larger  than  7x4  in.  Pots  cannot  be  set  in 
creeks  <50  ft  wide.  They  must  be  checked  and  emptied  at  least 
once  every  72  hr.  The  ma.ximum  number  of  pots  per  licensee  is  600 
in  the  Delaware  Bay  and  400  in  all  other  waters.  All  pots  must  be 
removed  from  the  water  within  3  days  after  the  end  of  the  season. 

The  number  of  pots  fished  per  crabber  varies  widely.  In  Raritan 
Bay  and  its  tributaries,  only  small-scale  pot  fishers  work.  One 
reported  that  he  had  100-150  pots,  and  he  and  his  son  checked 
them  all  once  a  day.  He  did  not  buoy  them,  but  located  them  by 
ranges  and  grappling  to  deter  pilferage. 

A  small-scale  commercial  crab  pot  fisher  working  In  Little  Egg 
Harbor  Bay  reported  that  he  set  about  50  pots,  fished  them  each 
morning  and  then  went  to  another  job.  He  used  a  15-ft  boat  and  no 
crew.  The  catch  included  both  males  and  females  in  varying  num- 
bers. His  buyers  were  restaurants  and  fish  markets. 

Large-scale  operators  in  the  Delaware  Bay.  with  600  pots,  are 
based  in  Cape  May,  Cumberland,  and  Salem  Counties.  They  typi- 
cally have  vessels  of  35-50  ft,  a  captain,  and  a  crew  of  two  or  three 
men,  and  can  lift  all  their  pots  in  one  day.  Some  crabbers  in 
Bamegat  Bay  also  fish  the  inaximum  nuinber  of  pots  allowed 
(400).  In  the  Delaware  Bay,  pots  are  individually  buoyed,  but  in 
Atlantic  coastal  bays,  some  are  set  in  strings. 

Landings  from  pots  have  increased  in  the  1990s,  paralleling  the 
total  state  landings  (Table  3).  Cumberland  County  leads  all 
counties  in  landings  from  pots.  Landings  are  reported  by  sex, 
but  not  grade  (number  one  or  number  two).  From  1991  to  1995, 
the  long-term  mean  catch  was  composed  of  73%  males  (±29% 
SD).  Crabbers  anticipated  a  decline  in  the  catch  during  the  1996 
potting  season  because  of  the  relatively  cold  winter  of  1995  to 
1996. 

The  shallow  Atlantic  coastal  bays  and  soinids  warm  faster  than 


TABLE  3. 
Hard  crab  landings  In  New  Jersey  from  pots  by  county,  all  months,  in  pounds.  Data  from  New  Jersey  Division  of  Fish,  Game,  and  Wildlife. 


County 

1991 

1992 

1993 

1994 

1995 

Raritan  Bay  and  irihiitaries 

Beriieii 

1,.36() 

14,340 

12.620 

6,680 

160 

Middlesex 

3.0()() 

2 1 ,960 

5,460 

80 

4.360 

Monmouth 

16.680 

72,592 

17,020 

24.304 

41.262 

Somerset 

0 

280 

0 

0 

0 

Atlantic  Coastal  Bays 

Atlantic 

3 1 6.240 

413,808 

462,728 

429.900 

299.()()0 

Cape  May  (All.  coast) 

298.280 

.M6,552 

445.724 

3611.912 

253,358 

Ocean 

339,560 

322,824 

282.884 

869.440 

315,116 

Delaware  Bay  and  irihutarles 

Burlington 

0 

9,712 

0 

120 

0 

Cape  May  (Del.  Bay) 

243.540 

322,964 

247,124 

374,696 

425.404 

Cumberland 

2,285,388 

1 ,9 1 3,048 

1.655.716 

1.7.^0.908 

1.989,032 

Gitiuccstcr 

0 

3.792 

0 

0 

0 

Salem 

1.184,760 

1 , 1 76,3-56 

7 1 6.684 

589,476 

65 1 .960 

Unknown 

8.520 

1 1 .688 

52.088 

4,720 

0 

Grand  lolal 

4.697,328 

4,629.916 

3.898,048 

4,.W  1,236 

3,979,652 
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TABLE  4. 

Hard  crab  landinss  in  New  Jersey  from  pots  by  month,  all  counties. 

in  pounds.  Data  from  Ne«  Jersey  l)i\ision  of  Fish.  (iame. 

and  Wildlife. 


Pounds  of  Crabs  Caught 


Month 

1991 

1992 

1993 

1994 

1995 

Jan. 

0 

0 

0 

0 

0 

Feb. 

0 

0 

0 

0 

0 

Mar. 

() 

2.380 

0 

520 

0 

Apr. 

1  S:,440 

144.956 

83.840 

219.412 

220.432 

May 

696.980 

459.120 

590.048 

311.888 

482,838 

June 

594.068 

358.032 

410.524 

395.424 

430.494 

July 

848.120 

989.284 

809,988 

934,252 

1.115,778 

Aug. 

977.560 

1.208.312 

749.076 

1.136.352 

1.214.908 

Sept. 

872.360 

943.540 

609,3 1 2 

947.572 

506.424 

Oct. 

439.080 

484.340 

548,080 

361.080 

7.400 

Nov. 

47.600 

39.112 

87,496 

76.488 

650 

Dec. 

0 

840 

9,684 

8.248 

0 

Unknown 

39.120 

0 

0 

0 

728 

Grand  total 

4.697,328 

4.629.916 

3.898.048 

4.391.236 

3,979.652 

the  deeper  bays,  prompting  crabbers  to  set  pots  in  the  former  areas 
beginning  in  April.  Pots  are  usually  set  in  Raritan  and  Delaware 
Bays  by  late  May.  Highest  landings  in  the  crab  pot  fishery  (Table 
4)  are  in  summer.  According  to  fishers,  catches  in  Atlantic  coastal 
bays  are  also  good  in  September  and  October  after  mating  and 
shedding  have  decreased. 

In  the  Delaware  Ba},'.  the  number  of  licensees  and  number  of 
pots  fished  per  licensee  increased  through  1995  (Fig.  8).  The  av- 
erage catch/pot  for  1992  to  1994  was  29  pounds/pot/mo.  with 
August  usually  being  the  peak  harvest  period,  with  an  a\erage 
catch  of  54  pounds/pot/mo  (Fig.  9). 

Many  fishers  in  the  Raritan  Bay  area  sell  to  the  Belford  Sea- 
food Cooperative.  Inc.  The  cooperative  buys  the  crabs  on  consign- 
ment from  fishermen  and  pays  them  after  they  are  sold,  assessing 
the  harvesters  a  I59c  charge  for  the  service.  The  cooperative  leases 
dock  space  and  encourages  agreements  among  the  crabbers  to  set 
daily  limits  to  avoid  market  saturation. 

Generally,  pot  fishers  sell  their  crabs  to  dealers.  One  dealer  in 
Port  Norris,  on  the  Maurice  River,  said  that  during  the  height  of 
summer,  he  buys  hard  and  shedder  crabs  and  employs  13-15 
people  full  time.  He  sells  large  males  to  local  restaurants,  and  the 
rest  to  other  local  or  out-of-state  dealers.  If  he  has  an  excess  of 
crabs,  he  also  sells  to  picking  houses  in  Maryland. 

Shedder  (Soft  Crab)  Fishery 

In  .New  Jersey,  premolt  female  crabs  are  called  "shedders""  or 
"peelers,"  Crabbers  reported  that  they  switch  from  fishing  for 
hard  crabs  to  shedders  when  the  latter  are  abundant.  The  usual  gear 
is  a  shedder  pot.  made  of  oval  mesh  1x11/2  in  with  a  compart- 
ment containing  two  or  three  adult  males  on  top.  The  premolt 
females  enter  the  bottom.  Some  crabbers  said  they  use  the  same 
pots  for  both  hard  crabs  and  shedders.  Premolt  crabs  are  also 
obtained  by  separating  the  "doublers"  caught  in  baited  pots. 

One  Salem  County  pot  fisher  works  in  the  Delaware  Bay  south 
of  the  Cohansey  River  mouth.  He  sets  his  limit  of  600  baited  pots 
in  spring.  In  a  few  months,  he  changes  to  setting  about  200  pots  to 
capture  shedders.  retaining  some  baited  pots  upnver  to  obtain 


-•-  Number  of  licensees 

—  Average  number  of  pots/licensee 
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Figure  8.  History  of  the  Delaware  Bay  crab  pot  licensees  and  average 
number  of  pots  fished  per  licensee,  obtained  from  annual  applications, 
N.J.  Division  of  Fish,  Game,  and  Wildlife. 


males  to  lure  shedding  females.  His  shedder  yield  is  sometimes 
limited  by  availablility  of  males. 

Premolt  crabs  are  sold  to  dealers,  packers,  or  shedding  houses. 
The  packers  may  resell  them  to  other  buyers  out  of  state,  particu- 
lariy  in  Maryland,  where  they  are  shed.  Several  shedding  opera- 
tions are  present  along  the  shore  of  the  Delaw  are  Bay.  The  largest. 
John  T.  Handy  Company,  based  in  Crisfield.  MD.  has  a  shedding 
facility  in  Port  Norris.  It  has  800  floats,  which  are  3  x  8  ft  holding 
pens  on  land  with  a  flow-through  water  system.  Crabs  may  be 
packed  as  densely  as  600  to  a  float  if  the  catch  is  high.  Crab  dealers 
lease  space  and  provide  labor,  then  sell  soft  crabs  to  Handy.  Live 
soft  crabs  are  packed  on  ice  or  with  cold  packs  and  seaweed  in 
trays  for  shipment  to  customers.  Soft  crabs  are  sold  individually 
and  price  varies  by  size  and  demand.  In  1995.  a  good  wholesale 
price  was  $0.35-0.40  each.  The  retail  price  was  at  least  $1.50  each. 
Crabs  that  do  not  seem  hardy  enough  to  withstand  shipment  are 
frozen  and  sold  during  the  off  season,  or  their  meat  is  processed 
into  crab  cakes  or  other  products  (Carol  Haltaman.  John  T.  Handy 
Company,  pers.  comm.  1996). 

Most  shedders  are  destined  for  human  consumption,  but  about 
59c  are  sold  for  bait.  By  keeping  the  crabs  out  of  water,  bait  shops 
delay  shedding  for  se\eral  days.  Sport  fishers  hook  the  premolt 
crab  through  the  chela  and  strip  off  the  rest  of  the  carapace. 

As  of  1996.  shedder  crabs  are  landed  mainly  from  the  Atlantic 
coastal  bays  and  the  Delaware  Bay  (Table  5).  Shedder  crab  dealers 
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Figure  9.  New  Jersey  blue  crab  catch  per  pot  b\  month,  from  data 
reported  to  N.J.  Division  of  Fish,  Game,  and  Wildlife. 
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TABLE  5. 

Shedder  crab  landings  in  New  Jersey  by  county,  all  months,  by  number  of  individuals.  Data  from  New  Jersey  Division  of  Fish,  Game, 

and  Wildlife. 


County 

1991 

1992 

1993 

1994 

1995 

Raritan  Bay  and  tributaries 

Bergen 

0 

.V59 

0 

0 

0 

Middlesex 

0 

549 

0 

0 

0 

Monmouth 

106 

1.815 

18 

30 

1,666 

Somerset 

0 

7 

0 

0 

0 

Atlantic  Coastal  Bays 

Atlantic 

63.793 

10,345 

91.460 

132.910 

121,830 

Cape  May  (Atl.  coast) 

34.394 

8.664 

97.505 

116.536 

94,067 

Ocean 

2.027 

8.071 

19.159 

4,994 

4,423 

Delaware  Bay  and  Tributaries 

Burlington 

0 

243 

0 

0 

0 

Cape  May  (Del.  Bay) 

4,678 

8,074 

91,352 

131,535 

304,085 

Cumberiand 

163.858 

45.664 

450,745 

1,048,191 

2,690,396 

Gloucester 

0 

95 

0 

0 

0 

Salem 

84.982 

27.113 

196,426 

404,015 

235,677 

Unknown 

92 

292 

1,230 

10,725 

0 

Grand  total 

353.930 

111.292 

947,895 

1,848,9.^6 

3,452,144 

from  the  Delaware  Bay  reported  that  there  are  two  to  three  sheds 
or  "runs'"  per  summer  (Table  6),  The  first  is  around  the  full  moon 
of  late  May  or  June.  According  to  several  crabbers,  shedders  are 
most  abundant  from  about  3  days  before  to  about  3  days  after  a  full 
or  a  new  moon. 

The  shedder  crab  business  in  New  Jersey  is  not  new;  landings 
since  1939  are  available  (Milliken  and  Williams  1984).  The  in- 
dustry is  currently  expanding.  Landings  and  value  rose  in  the 
1990s,  with  I99.'5  the  highest  year  on  record  (Tables  1,  5).  The 
magnitude  of  the  business  is  not  fully  known,  because  backyard 
shedding  operations  exist  in  many  places. 

Shedding  businesses  have  been  known  to  experience  signifi- 
cant tnortalities  in  their  holding  tanks.  Dealers  and  state  officials 
attribute  mortality  to  several  causes.  High  water  temperature 


coupled  with  low  dissolved  oxygen  is  the  most  frequent  problem, 
particularly  in  July  and  August.  If  a  crab  that  is  not  a  shedder  is 
accidentally  placed  in  a  holding  tank,  it  attacks  and  injures  others, 
which  then  may  be  inhibited  from  shedding.  Disease  can  also  be  a 
problem,  althiiugh  crabs  are  in  floats  for  only  a  few  days.  If  water 
filters  are  not  used,  excessive  sediment  load  in  floats  increases 
mortality. 

An  exceptionally  large  yield  of  shedder  crabs  in  1995  resulted 
in  substantial  losses  of  crabs  because  of  some  of  the  above  prob- 
lems. At  the  peak  of  the  season,  crabbers  were  landing  250,000 
shedders  per  day.  and  there  were  not  enough  facilities  to  hold 
them.  As  many  as  900  crabs  were  packed  into  some  floats.  The 
dissolved  oxygen  in  inany  floats  was  <l  ppm  and  fell  to  0  ppm  in 
a  few  floats.  Huce  numbers  of  crabs  died  and  had  to  be  discarded. 


TABLE  6. 

Shedder  crab  landings  in  New  Jersey  by  month,  all  counties,  by  number  of  individuals.  Data  from  New  Jersey  Division  of  Fish,  Game, 

and  Wildlife. 


Number  of  Individual  Crabs  Caught 


Month 


1991 


1992 


1993 


1994 


1995 


Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

Unknown 


0 
0 

0 

13.282 

1 12..392 

78.524 

79.689 

60.561 

7,729 

978 

0 

0 

775 


0 
0 

60 

3,624 

11,478 

8,95 1 

24,732 

28,046 

21,295 

12,109 

978 

21 

0 


0 
0 
0 

875 

169,775 

357,389 

194,408 

215.135 

8.830 

1 .45 1 

I) 

32 

0 


0 
0 
0 

83 

44.023 

1,302,208 

242,599 

219,869 

35,771 

3,378 

1.005 

0 

0 


0 
0 
0 

47 

1.032,670 

2,227,607 

129,178 

49,632 

7,873 

0 

0 

0 

5.137 


Grand  total 


353,9,30 


111,292 


947,895 


1,848.936 


3,452,144 
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The  wholesale  price  declined  to  $0.10-0.15  per  crab,  which  made 
this  operation  unprofitable. 

Dredge  Fishery 

Dredge  harvesting  of  blue  crabs  in  New  Jersey  occurs  in  cold 
months  when  crabs  are  relatively  inactive.  Females  predominate  in 
the  catch,  because  they  concentrate  in  areas  of  higher  salinity  near 
bay  mouths,  where  large  boats  can  operate  more  easily. 

New  Jersey  regulations  permit  no  more  than  four  dredges 
working  per  boat.  The  minimum  bag  mesh  is  4  in  stretched,  or  2 
1/2  in  inside  diameter  if  circular.  In  Raritan  Bay.  the  maxi- 
mum length  of  the  tooth  bar  is  7.S  in.  the  maximum  length  of  the 
teeth  is  6  in.  and  the  ma.ximum  weight  of  each  dredge  is  110 
pounds.  If  only  two  dredges  are  used,  the  maximum  length  of  the 
tooth  bar  is  96  in.  and  the  maximum  weight  of  each  dredge  is  500 
pounds.  For  dredges  in  all  other  waters,  the  maximum  length  of  the 
tooth  bar  is  38  in.  maximum  length  of  the  teeth  is  3  in.  and 
maximum  weight  is  60  pounds.  The  season  is  from  December  1  to 
March  31. 

The  number  of  commercial  crab  dredge  licenses  has  been  in- 
creasing, and  was  280  as  of  1995  (Table  2).  Applicants  must  have 
held  a  license  in  1991.  1992.  and  1993.  and  licenses  may  be 
transferred  within  a  family.  Crabbers  may  also  fish  in  New  York 
waters  if  they  buy  New  York  licenses,  which  sell  for  $25:  how- 
ever, dredging  is  forbidden  in  a  sanctuary  in  the  waters  off  Staten 
Island.  New  York. 

In  Raritan  Bay.  dredge  boats  are  40-60  ft  long,  each  with  a 
captain  and  one  or  two  crew.  Dredging  is  done  in  channels  and  on 
flats  20-40  ft  deep.  The  legal-sized  crabs  are  culled  and  packed  in 
bushels  according  to  sex  and  size.  The  harvest  is  typically  70-80% 
females.  Crabbers  interviewed  for  this  report  said  they  use  dredges 
with  6  in  teeth  for  mud  bottoms  and  switch  to  dredges  with  shorter 
teeth  for  hard  sand  bottoms.  We  observed  about  25  boats  working 
in  Raritan  Bay  in  December  1995.  Only  a  few  boats  continued  to 
participate  in  the  winter  dredge  fishery  through  March  because  of 
dwindling  yield.  Crabbers  harvested  40  bu/day  in  December  1995. 
and  about  15  bu/day  in  February  1996. 

In  December  1995  the  ex-vessel  price  was  S42/bu  for  num- 
ber on  males  and  $24/bu  for  females.  By  March  the  ex-vessel 
price  increased  to  S60/bu  for  number  one  males.  S25/bu  for  num- 
ber two  males,  and  S54/bu  for  females.  The  crabs  are  sold  to 
fishing  cooperatives,  dealers,  or  directly  to  restaurants.  The 
weather,  abundance  of  crabs,  market  demand,  and  price  affect 
the  number  of  boats  fishing  on  a  given  day.  Some  people  buy 
licenses  so  they  can  remain  in  the  fishery  but  do  not  participate 
every  year. 

Dredging  also  occurs  in  the  Atlantic  coastal  bays  of  Ocean. 
Atlantic,  and  Cape  May  counties.  Besides  local  crabbers,  fishers 
from  Delaware  Bay  ports  crab  in  these  waters.  These  dredgers 
work  in  Atlantic  coastal  bays  in  December,  because  the  water 
becomes  cold  earlier  and  the  crabs  "bed  down"  sooner. 

In  the  Delaware  Bay,  New  Jersey  dredgers  may  only  operate  in 
one  area  in  the  lower,  eastern  bay  or  on  their  own  leased  oyster 
grounds.  Oyster  dredges  are  used  in  addition  to  more  conventional 
crab  dredges.  Oyster  dredges  are  54  in  wide  and  can  weigh  up  to 
250  pounds.  Blue  crabs  are  landed  as  bycatch  from  some  of  the 
leased  oyster  grounds.  The  harvests  may  be  as  high  as  50-125 
bushels  of  crabs  per  day.  Presently,  there  are  no  specific  crab 
dredge  licenses  required  for  these  fishers,  but  they  must  possess  a 
commercial  license  for  the  sale  of  crabs  and  possession  of  more 
than  one  bushel  of  crabs  per  day. 


In  winter,  crabs  are  often  sold  to  dealers  in  New  York  and 
Philadelphia.  The  value  per  pound  of  winter  dredged  crabs  is 
higher  than  (summer)  pot-caught  crabs,  because  of  the  scarcity  of 
crabs  in  winter.  In  1994,  dredged  crabs  averaged  $0.79/lb  and 
pot-caught  crabs  a\eraged  S0.66/lb. 

Published  data  on  landings  from  the  crab  dredge  fishery  are 
available  since  1957.  when  197.000  pounds  were  caught  (Rossi 
and  Beck  1983).  When  landings  are  grouped  by  fishing  season,  a 
pattern  related  to  environmental  factors  could  be  easier  to  detect 
(Fig.  10).  The  1988  to  1989  harvest  was  excellent  in  all  parts  of  the 
state.  The  1991  to  1992  season  was  considered  good  in  Raritan 
Bay  but  poor  in  the  Delaware  Bay.  In  the  first  3  months  of  1992. 
licensees  from  Cumberiand  County  and  the  bay  side  of  Cape  May 
Count)  reported  no  catch.  Crabbers  from  Delaware  also  had  a  poor 
season  and  could  not  find  harvestable  quantities  of  crabs  anywhere 
in  their  waters  (Richard  Cole.  Delaware  DNREC.  Dover,  pers. 
comm.  1996).  Crabbers  and  dealers  reported  that  the  harvest  levels 
rebounded  during  the  1994  to  1995  and  1995  to  1996  seasons, 
although  the  data  are  not  presently  available. 

Recreational  Fishery 

Dunng  warm  months,  we  observe  recreational  fishing  for  blue 
crabs  on  all  estuaries  of  New  Jersey.  No  reliable  estimates  of 
harvest,  effort,  or  the  economic  value  of  recreational  crabbing  to 
the  state  are  known  to  exist.  Recreational  harvest  may  equal  or 
exceed  the  commercial  harvest.  A  poll  of  New  Jersey  citizens 
reported  that  900.000  residents  fished  for  blue  crabs  at  least  once 
during  1976,  taking  an  average  of  6-12  crabs  each  (Eagleton  In- 
stitute of  Politics  1977).  Undoubtedly,  nonresidents  also  fished  for 
crabs  but  were  not  surveyed.  Crabs  are  used  mainly  for  home 
consumption,  but  occasionally  are  sold  illegally. 

Recreational  crabbing  licenses,  which  are  free,  are  required  to 
set  two  commercial-style  wire  mesh  pots.  Recreational  harvest  is 
limited  to  one  bushel  of  crabs  per  person  per  day.  The  number  of 
licenses  issued  per  year  has  risen  to  over  5.000  in  1995  (Table  2). 
The  licenses,  instituted  in  1 988.  are  intended  to  obtain  a  measure  of 
recreational  crabbing  effort.  Despite  this  regulation,  the  wire  mesh 
crab  pots  are  often  used  without  licenses.  Collapsible  traps,  baited 
lines,  and  dip  nets  require  no  license.  These  gear  types  are  used 
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Figure  10.  New  Jersey  blue  crab  catch  by  dredge  gear,  arranged  by 
winter  seasons  and  counties,  from  N.MF.S  commercial  fisheries  data- 
base. Because  the  dredge  season  is  from  Uec.  1  to  March  31,  December 
1985  to  .March  1986  are  lumped,  for  example. 
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from  shore,  bridges,  or  small  boats,  during  day  and  night.  The 
minimum  size  for  the  recreational  catch  of  hard  crabs  is  4  1/2  in. 

Enforcement 

As  of  1996.  the  NJDFGW  had  seven  agents  in  the  marine 
enforcement  unit.  The  marine  police,  a  force  of  perhaps  100  within 
the  state  police,  also  have  authority  to  enforce  fisheries  regula- 
tions. Considering  the  territory  and  the  number  of  commercial  and 
recreational  fishers,  enforcement  personnel  are  too  few  to  cover 
the  state  adequately. 

Health  Advisories 

The  New  Jersey  Department  of  Environmental  Protection  is- 
sued a  health  advisory  for  blue  crabs  from  certain  areas  because  of 
PCB.  dioxin,  and  chlordane  contamination.  Blue  crabs  may  not  be 
taken,  eaten,  or  sold  from  Newark  Bay,  the  Arthur  Kill,  Kill  Van 
Kull,  and  lower  Passaic  and  Hackensack  Rivers.  It  is  not  recom- 
mended to  eat  the  hepatopancreas  of  blue  crabs  taken  from  Raritan 
Bay  and  all  tidal  waters  feeding  into  this  body  of  water,  including 
Upper  New  York  Bay  and  the  Hudson  River  downstream  of  the 
NY-NJ  border. 

FUTURE  OF  BLUE  CRAB  FISHERIES  IN  NEW  JERSEY 

The  biology  of  blue  crabs  in  New  Jersey  is  not  as  thoroughly 
known  as  in  some  other  states.  Studies  should  be  made  of  nursery 
areas,  growth,  recruitment,  mortality,  and  effects  of  environmental 
factors  on  population  size.  The  NJDFGW  plans  to  continue  the 
crab  survey,  with  the  purpose  of  developing  the  juvenile  index  into 
a  forecasting  tool  for  the  Delaware  Bay  harvest.  Similar  surveys 
could  be  made  in  other  waters. 

The  abundance  of  blue  crabs  in  New  Jersey  waters  seems 
stable,  based  on  yearly  commercial  landings.  Harvest  levels,  how- 
ever, may  not  be  indicative  of  actual  stock  size.  Changes  in  fishing 
effort  and  reporting  effort  cause  variability  in  catch  data  among 
years.  The  harvests  from  Raritan  Bay  and  the  Delaware  Bay  are 
landed  in  New  Jersey,  New  York,  and  Delaware  ports,  compound- 
ing the  problems  of  estimating  catch  and  effort.  An  apparent  scar- 
city of  blue  crabs  is  difficult  to  verify,  because  they  can  move 
many  miles  in  a  week.  Crab  dredgers  report  harvesting  crabs  from 
areas  that  were  unproductive  a  few  days  earlier. 

Although  limited  entry  has  been  implemented,  fishing  effort  is 
not  completely  under  control.  No  new  crabbers  or  boats  can  join 
the  pot  or  dredge  fisheries,  but  crabbers  can  work  more  days  or  add 
more  pots  up  to  the  numerical  limits  explained  above. 

If  record  shedder  catches  continue,  inore  shedding  facilities 
will  be  needed.  Several  crabbers  or  dealers  reported  they  may  be 
starting  shedding  houses.  The  interest  in  entering  the  shedder 
business  is  intense  because  of  the  increased  value  of  soft  crabs 
over  hard  crabs.  According  to  one  crabber's  calculation,  a 
bushel  of  shedders  (n  =  150)  is  worth  between  $4.5  and  $75. 
A  bushel  of  hard  female  crabs  (n  =  150)  may  yield  a  market 
price  of  $30/bu.  The  commercial  harvester's  overhead;  that  is, 
bait  costs  of  $I2-15/bu,  is  also  saved  in  the  shedder  fishery 
(Richard  Malinowski,  pers.  comm.  1996).  The  ex-vessel  value  of 
shedder  crabs  in  Virginia  is  5..'^  times  higher  than  that  of  hard 
crabs  (Carol  Haltaman.  John  T.  Handy  Company,  pers.  comm. 
1996). 

Future  regulations  in  New  Jersey  may  require  the  use  ol  turtle 
excluders  on  commercial  crab  pots  (see  Fig.  II).  Diamoiulhack 
terrapins  (Malaclemys  terrapin)  drown  when  they  are  trapped  in 


Figure  II.  Wire  frames  mounted  in  funnels  of  crab  pots  to  exclude 
diamondback  terrapins,  as  designed  by  the  N.,).  Bureau  of  Marine 

Fisheries. 


crab  pots.  Studies  have  indicated  that  a  rectangle  of  wire  5x10  cm 
wired  into  each  entrance  funnel  prevents  most  turtles  from  enter- 
ing because  of  their  body  depth.  New  Jersey  fisheries  biologists 
tested  10  pots  with  excluders  and  10  control  pots  for  116  days 
in  Great  Bay.  The  results  of  the  study  were  that  total  catch  and 
length  frequencies  of  crabs  were  statistically  unaffected  by  the 
presence  of  excluders.  Control  pots  without  excluders  caught 
40  turtles;  whereas,  pots  with  excluders  caught  three  (A.  D. 
Mazzarella.  New  Jersey  Bureau  of  Marine  Fisheries,  unpublished 
ms.).  If  turtle  excluders  are  eventually  adopted  as  part  of 
New  Jersey's  management  .strategy,  regulations  will  be  changed 
allowing  potting  in  creeks  as  narrow  as  25  ft.  Future  regula- 
tions may  also  require  biodegradable  panels  on  commercial  crab 
pots. 

Regulations  are  also  being  considered  by  the  NJDFGW  to  per- 
mit crab  dredging  in  a  larger  section  of  the  Delaware  Bay.  to 
require  a  Delaware  Bay  dredge  license,  and  to  allow  heavier  crab 
dredges  in  that  area.  The  total  number  of  dredge  licenses  in  the 
state  has  already  been  limited  to  338. 

Crabbers  reported  a  variety  of  problems  regarding  fishery- 
related  matters.  Costs  of  boat  maintenance,  fuel,  and  bait  are  ris- 
ing. The  abundance  of  crabs  is  unpredictable.  Crab  prices  tluctuate 
continually  because  of  supply,  demand,  and  availability  of  crabs  in 
neighboring  states.  Because  some  other  states  have  a  minimum 
size  of  5  in,  catches  from  New  Jersey  have  had  trouble  being 
marketed  in  those  states.  Spatial  conflicts  exist  in  estuaries  among 
commercial  fisheries,  pleasure  boaters,  recreational  fisheries,  and 
mdustnes.  Habitat  loss  is  occurring,  but  is  mitigated  somewhat  by 
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legal  constraints  on  construction  and  dredging  acti\ities  in  wet- 
lands and  tidal  areas. 

In  New  Jersey,  blue  crabs  are  being  fislied  intensely,  and  the 
fishery  is  at  an  all-time  high  in  both  catch  and  \alue.  Record  high 
catches  in  the  1940s  ha\'e  also  been  reported  from  New  York  and 
Delaware  (Briggs,  Kahn  et  al.,  this  volume).  The  future  harvest  is 
unpredictable,  based,  in  large  part,  upon  unknown  environmental 
factors  that  control  stock  le\els.  Further  research  will  help  to  un- 
derstand these  factors  better. 
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ABSTR.ACT  Commercial  landings  of  the  blue  crab  {CalHnecte.s  sapiilus)  from  1880  to  1994,  commercial  permit  sales  since  1970, 
and  catch  reports  from  fishers  have  been  e.xainined  to  show  changes  in  the  fisheries.  The  greatest  landings  occurred  from  the  late  19th 
through  the  early  20th  century.  Landings  were  extremely  low  from  1939  through  1982.  Increased  landings  in  the  early  I98()s  preceded 
a  major  increase  in  crabbing  permits  issued  since  the  late  198Us.  The  latter  stemmed  from  a  social-  rather  than  resource-oriented  cause. 
Fisheries  are  located  regionally  within  the  state.  The  important  recreational  fisheries  are  discussed.  Planned  regulatory  measures  are 
presented. 
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INTRODUCTION  AND  METHODS 

New  York  waters  have  long  supported  both  commercial  and 
recreational  crab  fisheries.  Our  commercial  crab  fisheries  are 
primarily  for  blue  crabs  (Callinectes  sapidus).  although  some 
Jonah  crabs  (Cancer  borealis)  and  rock  crabs  (Cancer  irroratus) 
are  landed  as  incidental  catches  by  American  lobster  (Hnmanis 
americanus)  fishers  (Briggs  and  Mushacke  1980.  Briggs  and 
Mushacke  1982)  and  otter  trawlers  off  the  south  shore  of  Long 
Island.  A  very  small  pot  or  trap  fishery  also  exists  for  green 
crabs  (Carcinus  maenas).  Landings  for  that  fishery  are  completely 
unknown,  because  they  are  sold  directly  to  fishing  tackle  stores 
to  be  resold  as  bait.  Our  recreational  crab  fisheries  are  likewise 
dominated  by  the  blue  crab.  However,  locally  and  seasonally  lady 
crabs  (Ovalipes  ocellatus)  and  rock  crabs  are  important  (Briggs 
1985). 

Before  this  report,  we  never  really  looked  at  our  commercial 
blue  crab  fisheries.  Here.  I  try  to  describe  what  little  we  know  of 
them,  relying  upon  National  Marine  Fisheries  Service  (NMFS) 
landings  for  New  York,  prior  year  catch  reports  on  New  York 
commercial  crabbing  permit  applications,  and  personal  observa- 
tions. I  briefly  summarize  our  recreational  blue  crab  fisheries. 
drawing  upon  my  earlier  paper  on  the  subject  (Briggs  1985). 

COMMERCI.AL  PERMITS  AND  PARTICIPATION 

In  New  York,  a  commercial  crabbing  permit  is  required  if  an 
individual  takes  or  lands  more  than  50  crabs  of  any  species  or 
offers  for  sale  any  crabs  he  or  she  has  taken.  This  permit  costs 
S30,00  to  residents  of  the  state  and  S50.00  to  qualified  nonresi- 
dents (at  this  time,  only  New  Jersey  residents  may  qualify).  The 
latter  are  restricted  to  fishing  in  a  relatively  small  area  of  Lower 
Bay  of  New  York  Harbor  and  that  part  of  Raritan  Bay  that  is  under 
New  York's  jurisdiction. 

The  number  of  commercial  crabbing  permits  issued  yearly  by 
New  York  since  1970  is  presented  in  Table  1,  Earlier  data  are 
not  available.  These  data  indicate  that  a  rather  small  fishery  existed 
in  the  1970s.  The  number  of  participants,  although  increasing 
slightly,  remained  small  until  1988,  when  535  resident  commer- 
cial crabbing  permits  were  issued,  as  compared  to  the  prior 
year's  85.  This  enormous  increase  in  crabbing  permits  issued 
was  brought  about  by  enactment  of  a  law  that  created  a  resident 
commercial  foodfish  license.  A  part  of  this  law  allowed  the  cost 


of  all  other  resident  commercial  marine  harvesting  permits  or 
licenses  to  be  applied  to  the  cost  of  the  resident  commercial 
foodfish  license.  Because  the  cost  of  the  foodfish  license  was 
$100.00,  and  the  sum  of  all  the  other  pennits  was  the  same, 
in  essence,  all  the  other  permits  became  "free"  if  the  foodfish 
license  were  bought.  A  similar  huge  increase  in  the  numbers 
of  resident  commercial  lobster  permits  issued  occurred  in 
1988.  Thus,  much  of  the  great  increase  in  resident  commercial 
crabbing  in  New  York  was  mainly  the  result  of  a  sociopoliti- 
cal action,  in  no  way  related  to  the  status  of  the  resource.  Never- 
theless, as  I  show,  increases  in  e,x-vessel  prices  later  contributed 
to  increases  in  commercial  crabbing.  Recently  (July.  1997)  that 
part  of  the  law  allowing  pooling  of  commercial  license  fees  was 
repealed. 

BLUE  CRAB  COMMERCIAL  LANDINGS 

New  York's  greatest  reported  blue  crab  landings,  according 
to  NMFS,  were  achieved  over  a  hundred  years  ago  in  the  1880s 
(Table  2).  No  catches  since  have  threatened  the  record  landings 
of  1.625.0(10  pounds  in  1880  (although  over  1.2  x  l(f  pounds 
were  landed  in  1888  and  again  in  1993).  The  high  landings  of 
the  late  19th  century  continued,  with  gaps  in  the  available  data 
at  least  until  1921.  If  the  data  for  1926  are  correct,  by  then  the 
fishery  was  in  a  state  of  near  complete  collapse.  By  1929.  respect- 
able landings  were  again  attained  and  remained  fairly  stable  until 
1933.  In  1935.  landings  more  than  doubled  and  remained  high 
(several  hundred  thousand  pounds)  until  1939.  when  a  rapid  de- 
cline commenced.  Reported  landings  were  either  nonexistent  or 
well  below  a  100.000  pounds  for  over  40  years  from  1939  to  1982. 
Although  very  few  landings  were  reported  in  the  1970s,  there  was 
a  small  fishery,  as  evidenced  by  a  few  individuals  purchasing 
commercial  crabbing  permits  during  that  decade.  I  suspect  that 
most  were  landed  in  New  Jersey  from  the  winter  dredge  fishery  in 
Lower  Bay  of  New  York  Harbor,  but  that  is  unproved  hearsay.  In 
1983,  landings  tripled  to  about  133,000  pounds.  Landings  re- 
mained in  the  area  of  100,000-300.000  pounds  until  they  tripled 
again  in  1989.  approaching  the  levels  of  the  1880s.  By  1993.  as 
noted,  landings  exceeded  10''  pounds.  Landings  for  New  York  for 
1994  as  reported  by  NMFS  are  much  lower,  but.  they  are  still 
preliminary. 

Although  data  on  ex-vessel  value  of  the  landings  do  not  exist 
before   1939  (Tables  2  and  3),  we  can  surmise  that  in  the  late 
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TABLE  1. 

Commercial  crabbing  permits  issued  by  New  York,  1970  to  1995. 


Year 


Resident 
Permits 


Nonresident 
Permits 


1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 


18 

33 

26 

13 

31 

99 

74 

53 

76 

54 

46 

71 

85 

535 

540 

602 

674 

778 

816 

1)01 

1,091 


0 

0 

11 

21 

11 

5 

39 

27 

6 

14 

20 

13 

7 

7 

8 

6 

11 

13 

10 

31 

29 

22 

43 

IT 

20 
1(1 


19th  and  early  20th  centuries,  blue  crabs  were  a  valuable  part 
of  New  York's  marine  fisheries.  The  blue  crab  was  a  relatively 
low  ex-vessel  value  per  pound  product  from  1939  until  the  early 
1980s  (assuming  the  figure  for  1978  for  an  anomaly,  and  it  seems 
to  be).  Since  1982,  ex- vessel  prices  have  been  such  that  our  fishers 
have  found  it  worthwhile  to  put  effort  into  catching  blue  crabs. 
This  is  particularly  noticeable  since  1987  through  the  present, 
where  the  ex-vessel  value  has  remained  well  above  $0.50  per 
pound. 

At  this  point,  I  should  like  to  compare  the  NMFS  landings  data 
with  that  reported  to  us  by  the  crabbers  for  the  prior  year  on  their 
permit  appHcations  (Table  4).  It  is  obvious  that  the  two  datasets  do 
not  agree  on  the  magnitude  of  the  landings  in  most  years.  With  the 
notable  exception  of  1994,  the  data  from  the  permits  are,  in  gen- 
eral, much  lower  than  the  NMFS  landings  for  New  York.  How- 
ever, as  noted,  the  NMFS  data  for  1994  are  preliminary.  Despite 
these  notable  disparities  in  volume,  our  data  do  show  the  same 
trends  as  do  the  NMFS  data.  What  we  also  show  is  a  steady,  not 
a  dramatic,  increase  in  crabbers  reporting  a  prior  year's  catch.  This 
is  not  the  same  pattern  as  shown  by  the  numbers  of  permits  issued. 
It  indicates  that  many  commercial  crabbing  permit  holders  are  not, 
in  actuality,  crabbers.  We  believe  that  many  with  the  crabbing 
permit  who  do  not  crab  are  dragger  fishers,  gill  netters,  lobsterers, 
and  even  rod  and  reel  commercial  finfish  fishers  who  purchased  a 
commercial  crabbing  permit  when  they  purcha.sed  their  resident 
commercial  foodfish  license.  We  feel  that  the  numbers  of  people 
reporting  a  catch  is  a  far  belter  indication  of  actual  participation, 
and  effort,  in  our  crab  fisheries  than  are  the  numbers  of  permil 
holders. 


COMMERCIAL  GEAR  USE 

Cunently.  most  blue  crabs  harvested  commercially  in  New 
York  are  taken  by  pots  or  traps  (Table  3).  The  winter  dredge 
fishery  remains  important,  although  with  lesser  landings  than  pots 
in  recent  years.  However,  the  dredge  fishery  has  a  longer  history. 
As  far  back  as  the  data  do,  people  were  taking  crabs  with  dredges 
in  New  York.  In  some  years,  dredges  provided  most  of  the  re- 
ported landings.  Pots,  if  the  data  are  correct,  were  first  used  in  New 
York  in  1982. 1  suspect  crab  pots  were  in  use  much  earlier.  Notable 
in  the  history  of  commercial  gear  use  has  been  the  decline  of  the 
dip  net.  In  the  late  1940s  and  early  1950s,  dip  netters  landed  the 
most  crabs.  They  are  not  listed  as  a  gear  used  after  1953,  although 
I  strongly  suspect  that  they  made  up  the  "other"  category  through 
1961.  Although  dip  nets  are  widely  used  by  recreational  crabbers 
in  New  York  now,  this  gear  has  fallen  out  of  favor  among  our 
commercial  blue  crab  harvesters.  Quite  likely  pots  and  dredges  are 
just  more  efficient.  In  recent  years,  the  "other"  gear  category  is 

TABLE  2. 

National  Marine  Fisheries  Service  (and  predecessors)  New  York 

blue  crab  landings,  1880  to  1994,  years  for  which  there  are  no  data 

or  the  catch  was  0  are  omitted. 


Year 


Pounds 
(X  1,0(10) 


Value  $ 


Year 


Pounds 
(X  1,000) 


Value  $ 


IKXO 

1 ,625 

1960 

8 

2.335 

1951 

7 

2.240 

1887 

983 

1952 

57 

5,268 

1888 

1,287 

1953 

75 

8,600 

1889 

423 

1954 

45 

4,984 

1890 

430 

1955 

43 

4,880 

1891 

436 

1956 

9 

974 

1957 

8 

968 

1897 

309 

1958 

18 

1.678 

19.59 

T 

248 

1901 

792 

1960 
1961 

1 
1 

133 
152 

1904 

810 

1974 

3 

645 

1908 

580 

1976 

0..34 

85 

1921 

477 

1978 

1 

700 

1926 

2 

1980 

53 

19,421 

1929 

114 

1981 

5 

1,725 

1982 

46 

23,839 

1930 

165 

1983 

133 

58,474 

1931 

105 

1984 

134 

69,069 

1932 

182 

1985 

280 

1.34.712 

1933 

149 

1986 

144 

70.137 

1987 

310 

183.766 

1935 

464 

1988 

205 

131.260 

1989 

655 

388.713 

1937 

511 

199(1 

513 

269,438 

1938 

387 

1 49 1 

817 

441,0.34 

1939 

41 

3,020 

1992 

766 

447.033 

1940 

64 

3.638 

1993 

1.215 

759.350 

1994 

887 

558,718 

1943 

11 

400 

1945 

6 

1.000 

1948 

15 

2.032 
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TABLE  3. 

National  Marino  Kishcriis  Service  (and  predecessors)  New  York 

landing's  price  per  pound  e\-\essel  for  blue  crab,  193V  to  1993. 

Years  for  «  bich  there  are  no  data  are  omitted. 


TABLE  5. 

National  Marine  Fisheries  Service  (and  predecessors)  Nev\  York 

blue  crab  landings  by  gear  for  years  these  data  are  available,  1939 

to  1991. 


Year 

Dollars/per  pound 

Year 

Dollars/per  Pound 

^'ear 

Catch  In  Pounds 

X  1,000 

19.V) 

0.07 
0.06 

1974 

0.21 

Dip  Nets 

Dredges 

Pots 

Othei^ 

1940 

1976 

0.25 

1939 
1940 

33 

7 

9 
56 

0 
0 

0 
0 

1943 

0.04 

1978 

0.70 

1943 
1 945 

0 

0 

M 
6 

0 
0 

0 
0 

1945 

0.17 

1980 

0.37 

1948 

15 

0 

0 

0 

1948 

0.14 

1981 

0.34 

19.50 

8 

0 

0 

0 

1982 

0.52 

1951 
1952 

7 
57 

0 
0 

0 
0 

0 
0 

1930 

0.29 

1983 

0.44 

1953 

75 

0 

0 

0 

1951 

0.32 

1984 

0.52 

1952 

0.09 

1985 

0.48 

1954 

0 

0 

0 

45 

1953 

0.11 

1986 

0.49 

1955 

0 

1 

0 

42 

1954 

0.11 

1987 

0.59 

1956 

0 

1 

0 

8 

1955 

0.11 

1988 

0.64 

1957 
1958 

0 
0 

3 
2 

0 
0 

5 
16 

1956 

0.11 

1989 

0.59 

1959 

0 

2 

0 

0 

1957 

0.12 

1990 

0.53 

1958 

0.09 

1991 

0.54 

I960 

0 

0 

0 

1 

1959 

0.12 

1992 

0.58 

1961 

0 

1 

0 

0 

1960 

0.13 

1993 

0.62 

1982 

0 

13 

32 

0 

1961 

0.15 

1994 

0.63 

1983 
1984 

0 
0 

13 
116" 

118 

12" 

2 

6 

1985 

0 

15 

265 

0 

made  up 

of  the 

inei(JeTUal 

catches 

of  blue  crabs 

by  otter  trawlers  or 

19X6 

0 

5 

137 

2 

lobstert'ishers. 

1987 

0 

7 

301 

2 

1988 

0 

29 

177 

0 

AREAL  EXTENT  OF  COMMERCIAL  BLUE  CRAB  FISHERIES 

1989 

0 

62 

592 

I 

IN  NEW  YORK 

1990 

0 

69 

438 

6 

1991 

0 

163 

618 

36 

bays  along  the  south  shore  of  Long  Island,  mostly  from  Great 
South  Bay  (Table  6;  Fig.  I ).  From  late  spring  through  midfall.  the 
fishery  in  the  south  shore  bays  is  a  pot  fishery.  From  late  fall 
through  midwinter,  it  is  a  dredge  fishery.  New  York  Harbor  is  our 
second  most  important  commercial  blue  crab  fishing  area.  From 
late  spring  through  midfall,  it  too  is  a  pot  fishery,  mostly  off  Staten 
Island  (northern  Raritan  Bay).  From  late  fall  through  winter,  an 
important  dredge  fishery  is  pursued  off  Brooklyn  (from  Lower  Bay 
and  Gravesend  Bay  through  Rockaway  Inlet).  Jamaica  Bay  has  a 
.strong  summer  pot  fishery  and  some  dredging  in  the  winter.  In 

TABLE  4. 

Total  Nev»  York  blue  crab  catch  as  reported  on  follouing  year's 
commercial  crabbing  permit  applications,  1986  to  1994. 


Reported  Catch 

Crabbers 

Year 

(Pounds  X  1,000) 

Reporting  Catch 

1986 

112 

88 

1987 

200 

71 

1988 

302 

124 

1989 

482 

160 

1990 

546 

211 

1991 

529 

234 

1992 

589 

274 

1993 

627 

294 

1994 

1.127 

332 

"  From  1939  through  1961.  "Other"  was  not  specified  as  to  gear.  From 
1982  through  1991.  "Other"  includes  clam  rakes,  otter  trawls,  lobster  pots, 
pound  or  trap  nets,  and  any  other  kind  of  gear. 

''  The  data  for  immediate  prior  years  and  all  years  following  suggest  that 
these  data  were  inadvertently  transposed  between  dredges  and  pots. 

recent  years,  there  have  been  considerable  landings  from  the  "East 
End"  bays  and  harbors  (Gardiners  and  the  Peconics  Bays.  Mecox 
Bay  and  the  harbors  and  salt  ponds  of  East  Hampton  Town).  The 
Hudson  River  supports  a  strong  summer  pot  fishery.  Much  of  this 
is  near  the  Tappan  Zee  Bridge  and  to  the  north.  It  is  believed  that 
the  Hudson  River  blue  crab  fishery  is  under-reported  by  both 
NMFS  and  on  our  permit  application  data.  The  final  area  listed. 
Long  Island  Sound,  has  only  a  small  reported  fishery  near  City 
Island  and  in  some  Westchester  County  harbors.  Most  of  the  re- 
ported landings  are  incidental  catches  of  lobster  fishers  out  of  City 
Island  in  the  extreme  western  Sound. 

RECREATIONAL  BLUE  CRAB  FISHERIES  IN  NEW  YORK 

Recreational  fisheries  for  the  blue  crab  in  most  states  south  of 
Cape  Cod  are  thought  to  be  important,  but  have  rarely  been  ex- 
amined. Several  years  ago  (Briggs  1985).  New  York  did  look  at 
recreational  crabbing  in  Great  South  Bay.  We  found  that  about 
ll'^k  of  the  recreational  fishers  using  banks  and  piers  during  day- 
light hours  in  the  summer  and  fall  from  1981  through  1983  were 
crabbers.  Most  of  these  crabbers  (93-96'7<-)  used  collapsible  box- 
or  pyramid-shaped  traps.  From   14-21%  used  hand  lines.  From 
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TABLE  6. 

New  York  blue  crab  catch  by  area  as  reported  on  following  year's 
commercial  crabbing  permit  applications.  1986  to  1994. 


New  York 

South 

Easter 

Long 

Hudson 

City 

.Jamaica 

Shore 

long 

Island 

Year 

River 

Harbor 

Bay 

Bays 

Island 

Sound 

1986 

3 

16 

4 

88 

0 

1 

1987 

14 

21 

49 

108 

7 

1 

1988 

23 

n 

18 

226 

12 

-) 

1989 

74 

59 

20 

322 

4 

4 

1990 

25 

116 

26 

343 

30 

6 

1991 

44 

99 

19 

310 

51 

7 

1992 

3fi 

165 

76 

233 

57 

22 

1993 

47 

155 

58 

306 

54 

6 

1994 

23 

198 

83 

745 

70 

8 

Island  Inlet  in  the  summer.  Catches  for  this  species,  when  sought 
exceeded  those  for  blue  crabs.  We  also  found  a  late  fall  recre- 
ational fishery  in  the  same  area  for  rock  crabs.  We  now  know  that 
lady  crabs  are  also  sought  by  recreational  crabbers  at  Jones  Beach 
and  Coney  Island. 

The  areal  extent  of  our  recreational  blue  crab  fisheries  more  or 
less  mirrors  that  of  our  commercial  fisheries  of  the  species.  It  is 
extended  further  north  in  the  Hudson  River,  all  the  way  to  the  dam 
at  Troy  (the  Albany  area).  Temporally,  the  recreational  blue  crab 
fisheries  are  more  restricted.  They  are  carried  out  from  late  spring 
through  early  fall.  There  is  no  winter  fishery  to  our  knowledge.  We 
are  aware  that  in  parts  of  Great  South  Bay  (and  likely  elsewhere) 
there  is  a  nighttime  recreational  fishery  where  boaters  use  dip  nets 
to  scoop  up  blue  crabs.  Likewise,  a  similar  nighttime  fishery  with 
dip  nets  occurs  at  many  public  and  private  docks  and  piers.  We 
know  little  of  these  nighttime  blue  crab  recreational  fisheries  be- 
yond knowing  they  exist. 


13-20%  used  dip  nets.  Obviously,  many  used  more  then  one  gear. 
Within  gear  types,  these  crabbers  often  used  more  than  one  unit  of 
gear  (up  to  three  traps  and  four  handlines  per  person  on  the  aver- 
age). Over  the  course  of  a  season,  catch  per  effort  ranged  from 
0.1-0.8  blue  crabs  per  unit  of  gear  per  hour  fished.  In  1981  and 
1982.  traps  produced  the  highest  catches  per  effort.  In  1983.  dip 
nets  produced  the  highest  catches  per  effort. 

The  sizes,  carapace  width  (CW).  of  blue  crabs  kept  ranged  from 
100-190  mm  CW  (average  144)  for  males  and  from  94-170  (av- 
erage 141)  for  females.  Most  of  the  crabs  kept  were  between 
130-165  mm  CW. 

Maturity  was  noted  only  for  females  (using  abdomen  shape). 
Immature  females  ranged  from  94-131  mm  CW.  Mature  females 
ranged  from  131-170  mm  CW.  Were  samples  larger.  I  am  sure 
there  would  have  been  some  overlap,  not  the  sharp  difference  seen. 
About  28%  of  the  females  sampled  from  recreational  catches  were 
immature. 

Although  it  is  not  paramount  to  this  report,  it  is  interesting  to 
note  that  we  discovered  during  this  study  in  the  early  1980s  that  we 
had  a  thriving  recreational  fishery  for  the  lady  crab  in  and  near  Fire 


DISCUSSION 

Although  New  York's  commercial  blue  crab  landings  pale  by 
comparison  to  those  of  our  neighbor  states  to  the  south,  they  are 
quite  important  to  us.  and.  at  times,  to  others  too.  I  was  told  by 
several  crabbers  last  spring  (1995)  that  they  were  shipping  their 
best  quality  crabs  "to  Chesapeake  where  we  are  getting  $20.00 
more  per  bushel."  We  in  New  York  can  no  longer  ignore  a  fishery 
that  since  1988  has  been  worth  from  $0.25-0.75  million  ex- vessel. 

At  present,  our  blue  crab  fisheries  are  wide  open.  We  have  few 
restrictions.  We  prohibit  the  possession  of  egg-bearing  females. 
We  prohibit  dredging  in  some  areas.  We  have  commercial  licens- 
ing. We  are  the  only  state  on  the  east  coast  with  a  commercial  blue 
crab  fishery  that  has  absolutely  no  minimum  size  limits  on  the 
species.  I  fear  that  the  famed  Fulton  Market  may  be  the  '  'dumping 
grounds"  for  many  other  states'  sublegal  catches.  We  plan  to 
change  things.  We  are  in  the  process  of  making  regulations  that 
will  institute  a  5  in  CW  minimum  on  hard  blue  crabs  and  a  3.5  in 
CW  minimum  on  soft  blue  crabs.  We  plan  minimum  size  limits  on 
other  species  of  crabs,  too.  We  hope  to  limit  the  size  and  numbers 


Figure  1.  Long  Island  and  lower  New  York  Slate  showing  areas  menliimed  in  the  text. 
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of  unattended  crab  pots  or  traps  an  individual  may  I'ish.  We  have 
had  many  complaints  from  noncrabbers  about  pots  and  their  buoys 
restrieting  swimming  and  navigation.  We  plan  to  address  those 
complaints.  We  plan  to  restrict  the  size  of  dredges  that  may  be  used 
and  to  restrict  further  areas  where  they  may  be  used.  Admittedly, 
several  of  these  planned  restrictions  are  of  a  sociopolitical  nature. 
They  are,  we  feel,  necessary  to  ensure  the  survival  of  the  fisheries. 
We  generally  support  Paul  Hamer's  (1955)  opinions  on  crab 


dredging.  We  realize  that  there  is  a  need  for  more  information  on 
the  subject.  We  realize  that  many  of  the  crabs  harvested  by  dredges 
would  likely  not  survive  the  rigors  of  disease  (Messick  and  Sin- 
dermann  1992.  personal  observations  in  February,  1996)  and  cold 
in  our  northern  winters.  We  do  consider  winter  dredging  a  viable 
method  of  harvesting  blue  crabs.  We  also  realize  that  the  socio- 
political pressures  on  this  fishery  as  such  that  it  must  be  restricted 
at  or  near  current  levels  if  it  is  to  survive. 
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ABSTRACT  This  stock  assessment  stemmed  from  concerns  about  declines  in  Chesapeake  Bay  blue  crab  commercial  yield,  sur\ey 
abundance  indices,  and  economic  performance  in  the  1990s.  Blue  crab  vital  rates  and  life-history  characteristics  were  described.  A 
risk-averse  approach  was  adopted  for  parameter  estimation.  Extant  (50  y)  fisheries-independent  and  dependent  data  were  compiled. 
Current  spawning  stock  biomass  was  at  moderate  levels,  as  compared  to  historical  maxima;  total  stock  biomass  was  at  long-term 
average  levels  since  19,56.  Juvenile  recruitment  has  been  variable  since  the  1950s.  The  stock  is  in  long-term  dynamic  equilibrium, 
demonstrating  variable  abundance  as  expected  in  a  stmngly  r-selecled  species.  No  evidence  of  a  persistent  stock  decline  was  found. 
The  decade  of  the  1980s  was  a  period  of  above  average  abundance;  the  population  modulated  to  average  levels  thereafter.  Maryland 
commercial  catch  per  unit  effort  (CPUE)  has  remained  fairly  stable  from  1982  to  1995.  Baywide  yield  varied  without  trend  since  1945, 
cycling  around  the  long-term  mean  with  peaks  in  1950,  1966,  1981,  and  1993  and  troughs  in  the  mid-1950s  and  late  1970s  to  early 
1980s.  Baywide  data  since  1945  demonstrated  a  fivefold  increase  in  directed  effort  (/)  and  an  exponential  decline  in  CPUE:  rapidly 
from  1947  to  1967,  and  without  trend  since  1970.  The  stock  has  supported  maximum  sustainable  yield  (MSY)  =  37-38.5  x  Itf"  kg 
since  1945  with  no  observed  change  in  the  ability  of  the  stock  to  replace  itself  or  to  provide  historical  average  yield.  We  judged  the 
stock  to  be  moderately  to  fully  exploited  at  average  levels  of  abundance.  Stock-recruitment  (S-R)  analysis  revealed  weak  relationships. 
Density-independent  effects  accounted  for  little  of  the  variability  in  the  S-R  model.  Exploitation  rates  for  1956  to  1996  ranged  from 
30—45%  for  peeler/soft  crabs  and  40-55%  for  hard  crabs.  Fishing  mortality  (F)  ranged  largely  between  0,8-1.0  (F  <  1.20)  since  1956 
within  ±  20%  of  the  long-term  mean;  fully  recruited  F  in  1996  was  0.87,  Current  F  was  below  the  threshold  reference  level  of  Fmr, 
=  1.21,  where  F^pp  =  1.17.  Yield  per  recruit  (YPR)  modeling  estimated  F,, ,  =  0.36  and  F^^x  =  "  f""^-  The  stock  is  strictly  growth 
overfished  with  a  26%  reduction  in  F|„„^  required  to  maximize  (-1-2%  gain)  YPR.  Longevity  was  established  at  8  y.  Tagging  studies 
showed  that  blue  crabs  live  considerably  longer  than  curren  convention  (3  y).  A  life-table  model  reconciled  the  apparent  disparity 
between  this  convention  and  the  life-history  parameters  used  in  the  assessment.  At  current  total  mortality  (Z)  =  1.3,  the  mean  age  of 
the  observed  stock  would  be  1.5  y  ( 153  mm  CW  (carapace  width]);  97.3%  of  all  individuals  would  be  ^3  y  of  age.  The  dramatic  rise 
in /since  1945  with  the  accompanying  decline  in  CPUE  was  not  associated  with  an  increase  in  F.  Catachability  (q)  has  varied  with 
/from  1956  to  1995  as  a  result  of  gear  saturation.  Moderate  reductions  in /would  not  result  in  a  proportional  reduction  in  F  because 
of  nonconstant  (/.  The  blue  crab  fishery  is  severely  overcapitalized  in  terms  of  total  effort.  As  a  result  of  gear  saturation,  marginal 
decreases  in  fishing  effort  would  not  realize  proportional  gains  in  CPUE,  %MSP,  or  YPR.  Substantial  economic  displacement  would 
be  required  to  maximize  YPR.  Increases  in  %MSP  and  YPR  could  he  realized  through  increased  size  limits  and  regulating  the  taking 
of  mature  female  crabs,  without  the  displacement  costs  associated  with  effort  reductions  alone.  We  recommend  a  risk-averse  man- 
agement strategy:  maintain  current  F  below  Fi,,,;,.  Management  should  be  particularly  averse  to  increases  in  effort  that  would 
exacerbate  current  economic  inefficiencies,  or  to  increases  in  gear  efficiency.  The  latter  concern  acknowledges  the  delicate  interplay 
between  F  and/in  the  fishery.  Management  should  be  proactive:  stabilize  and  enhance  the  economic  viability  of  the  fishery  and  provide 
protection  for  the  stock  through  maintenance  of  &10%  maximum  spawning  potential  (MSP).  It  should  consider  adopfing  strategies 
which  increase  YPR  (e.g.,  size  limit  measures  on  both  sexes)  and  spawning  potential  (e.g..  limit  directed  fisheries  on  mature  female 
crabs). 

KEY  WORDS:     blue  crab,  Calliiiectes  ia/niJus.  Chesapeake  Bay,  harvest,  population,  fishery,  exploitation,  stock  assessment,  status, 
gear  saturation 

INTRODUCTION  of  the  magnitude  of  recreational  harve.st  and  directed  effort  are 

largely  unavailable  or  poorly  understood  (Knotts  1989).  In  1983, 

The  blue  crab  (Callinectes  sapidus  Rathbun)  supports  the  most  1988.  and  1990,  the  Maryland  Department  of  Natural  Resources 

important  commercial  and  recreational  fishery  in  the  Chesapeake  (MDNR)  attempted  to  estimate  recreational  blue  crab  harvest  in 

Bay.  The  blue  crab  population  of  the  Chesapeake  Bay  is  distrib-  cooperation  with  the  National  Marine  Fisheries  Service's  Marine 

uted  throughout  the  bay  and  its  tidal  tributaries.  In  1995,  the  bay-  Recreational  Fisheries  .Statistics  Survey.  Results  of  these  surveys 

wide  commercial  landings  totaled  33.5  x  10*  kg  (Rugolo  et  al.,  this  indicated  that  the  Maryland  blue  crab  recreational  harvest  repre- 

volume).  Recreational  fishing  on  blue  crab  in  the  Chesapeake  is  sented  approximately  78.6,  49.5,  and  25.9%  (18.6.  9.7,  and  5.2  x 

also  important  in  terms  of  annual  exploitation,  however,  estiiuates  10''  kg),  respectively,  of  the  reported  Maryland  commercial  har- 
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vest  in  those  years  (Stagg  et  al.  1994).  The  1990  survey  was 
regarded  as  the  more  rigorous  of  the  three,  nevertheless,  weak- 
nesses were  identified  in  the  definition  of  the  sampling  frame  and 
in  the  estimation  of  catch  rates  of  certain  segments  of  the  fishery 
(Stagg  et  al.  1994.  Rugolo  et  al.,  this  volume). 

The  blue  crab  supports  economically  important  fisheries  na- 
tionwide. From  1990-1994.  the  average  United  States  blue  crab 
landings  approximated  96.0  x  10^  kg,  worth  an  average  $140.2 
million.  The  ex-vessel  value  of  commercial  Chesapeake  Bay  blue 
crab  harvest  in  1990  to  1994  averaged  $53.1  million  in  compari- 
son. The  most  recent  (1990)  recreational  harvest  expenditures  in 
Maryland  were  estimated  at  $1  10  million  (Stagg  et  al.  1994.  Abbe 
and  Stagg  1996).  The  Chesapeake  Bay  has  historically  represented 
the  area  of  greatest  blue  crab  production  in  the  United  States.  From 
1990  to  1994,  36.5.  29.2,  28.2,  and  6.1%  of  total  United  States  blue 
crab  landings  were  derived,  respectively,  from  the  Chesapeake 
Bay,  the  Gulf  of  Mexico,  the  Southern  Atlantic,  and  Middle  At- 
lantic regions. 

Chesapeake  Bay  blue  crab  landings  have  demonstrated  inherent 
variability  among  years  (Pearson  1948.  Van  Engel  1958.  Tagatz 
1965.  Abbe  1983;  Lipcius  and  Van  Engel  1990.  Abbe  and  Stagg 
1996.  Rugolo  et  al.  1997.  Rugolo  el  al..  the  volume).  Coincident 
with  the  recent  decline  in  many  important  fisheries  resources  in  the 
Chesapeake,  such  as  oyster.  American  shad,  and  striped  bass,  as 
well  as  in  several  coastal  migratory  speices  that  historically  have 
supported  Bay  fisheries  (e.g..  bluefish,  weakfish,  summer  floun- 
der), more  recreational  and  commercial  emphasis  has  been  placed 
on  the  Chesapeake  Bay  blue  crab  stock.  In  the  mid-1990s,  infor- 
mation from  Chesapeake  Bay  fisheries-independent  surveys  and 
changing  dynainics  in  the  fisheries  suggested  cause  for  concern 
regarding  the  health  of  the  Bay's  blue  crab  population  (Rugolo  et 
al.  1997).  Declining  commercial  yield  and  research  survey  abun- 
dance indices,  decreasing  economic  performance  of  commercial 
fishers,  as  well  as  indications  of  increased  removals  of  feinales 
from  the  stock  all  stimulated  concern  among  the  Bay  states  about 
the  status  of  the  blue  crab  stock  and  the  viability  of  the  fisheries 
(Rugolo  et  al.  1997.  Anon.  1997).  This  research  stemmed  from  that 
concern.  Our  prinicpal  aim  was  to  provide  a  fundamental  under- 
pinning for  objective  decisions  on  the  conservation  and  utilization 
of  the  Chesapeake  Bay  blue  crab  population. 

In  developing  this  stock  assessment,  we  examined  a  variety  of 
fisheries-dependent  and  fisheries-independent  time  series  data  that 
provided  information  on  the  status  and  dynamics  of  the  Chesa- 
peake Bay  blue  crab  stock  and  its  fisheries.  Pertinent  literature  was 
reviewed  for  information  on  blue  crab  biology,  life-history,  popu- 
lation dynamics,  and  the  historical  performance  of  the  fisheries. 
Historic  and  current  blue  crab  research  results  relevant  to  the  de- 
velopinent  of  the  assessment  and  to  the  interpretation  of  its  find- 
ings were  considered.  For  the  purpose  of  this  assessment,  the  blue 
crab  population  of  the  Chesapeake  Bay  and  its  tributaries  was 
considered  a  unit  stock. 

This  stock  assessment  is  the  first  integrated  analytical  approach 
developed  for  the  blue  crab.  Although  this  work  provided  an  ef- 
ficient use  of  available  data  through  contemporary  fisheries  stock 
assessment  approaches,  several  data  and  informational  defiiencies 
were  identified  (Rugolo  et  al.  1997).  We  expect  that  future  updates 
of  this  assessment  will  benefit  from  improved  biological  and  fish- 
eries data,  as  well  as  from  research  results  that  ad\ance  our  un- 
derstanding of  vital  blue  crab  life-history  and  population  dynamic 
characteristics  essential  to  assessing  stock  status. 

We  sought  the  answers  to  three  questions  as  our  operational 


framework.  First,  what  is  the  current  status  of  the  stock?  Second, 
what  is  the  optiinal.  or  target  level  of  the  stock?  Third,  what 
management  strategies  can  be  adopted  to  achieve  stock  recovery  if 
the  stock  is  suboptimal,  or  to  maintain  the  stock  at  current  levels 
should  remedial  action  be  unnecessary?  An  extension  of  this 
framework  is  risk  assessment.  That  is,  within  the  integrated  ana- 
lytical framework  of  the  assessment,  a  specific  aim  was  to  provide 
decision  makers  a  flexible,  adaptive  system  for  considering  the  risk 
associated  with  various  management  options  on  long-term  slock 
status  and  fishery  health. 

In  the  development  of  the  1997  Chesapeake  Bay  Blue  Crab 
Fisheiy  Maiiageiueiil  Plan  (Anon.  1997).  results  of  this  research 
were  central  to  decisions  regarding  the  management  of  this  iin- 
portant  resource.  This  research  has  also  contributed  to  the  dialog 
concerning  critical  biologic  and  life-history  characteristics  of  the 
blue  crab  and  to  the  understanding  of  blue  crab  stock  and  fishery 
dynamics.  Our  work  has  identified  research  and  information  needs 
critical  to  an  understanding  of  blue  crab  population  dynamics.  This 
stock  assessment  was  approved  in  April  1997  by  the  Chesapeake 
Bay  Stock  Assessment  Committee  (CBSAC)  of  the  National  Ma- 
rine Fisheries  Service.  NOAA  under  whose  aegis  it  was  conducted 
and  by  the  member  states  and  participants  of  the  Chesapeake  Bay 
Program. 

MATERIALS  AND  METHODS 

Where  possible  and  essential  for  the  reader's  understanding,  we 
provide  requisite  data  in  tables  and  figures  that  were  subject  to  the 
analysis.  Given  the  scope  of  this  research,  we  were  not  able  to 
present  all  data  and  information  that  underlie  the  assessment.  The 
reader  is  referred  to  Rugolo  et  al.  (1997)  for  a  more  complete 
presentation  of  this  information. 

Adult  Stock 

We  compiled  and  examined  a  variety  of  extant  fishery- 
dependent  and  fishery-independent  time  series  data  that  provided 
information  on  the  status  of  the  blue  crab  stock.  Indices  of  relative 
adult  sti>ck  abundance  were  available  from  several  research  sur- 
veys conducted  in  the  Chesapeake  Bay  and  its  tributatires.  These 
included  the  baywide  winter  dredge  survey  (1990  to  1996).  the 
MDNR  summer  trawl  survey  ( 1977  to  1995).  the  Virginia  Institute 
of  Marine  Sciences  trawl  survey  (1955  to  1995).  the  Calvert  Cliffs 
peeler  pot  survey  (1968  to  1995)  (Abbe  1983.  Abbe  and  Stagg 
1996),  the  Smith  Island  scrape  survey  (1948  to  1972),  and  the  1987 
pot.  trotline.  and  scrape  study  conducted  by  the  Chesapeake  Bio- 
logical Laboratory.  University  of  Maryland.  Using  intermediate 
results  of  this  work,  we  derived  estimates  of  absolute  blue  crab 
stock  abundance  and  bioma.ss  for  years  1956  to  1995.  Trends  in 
relative  and  absolute  abundance  were  examined  to  provide  a  first- 
order  approximation  of  the  cuirent  status  of  the  adult  stock.  Be- 
cause direct  aging  of  blue  crabs  is  not  possible,  approximate  ages 
were  assigned  to  survey  carapace  width  (CW)  data  to  derive  age- 
specific  indices  of  abundance  as:  age  0  (0-59  mm);  age  I  (60-1 19 
mm);  age  2  ( 120-7^)  mm);  and  female  spawners  (Sl30  mm). 

Winter  Dredge  Survey 

A  Chesapeake  Baywide  v\inter  dredge  survey  has  been  con- 
ducted since  U)89  through  cooperative  efforts  of  the  Chesapeake 
Biological  Laboratory  and  the  Virginia  Institute  of  Marine  Sci- 
ences, College  of  William  and  Mary.  This  survey  provides  bay- 
wide  indices  of  blue  crab  relative  abundance  with  sampling  oc- 
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I'lining  diirlML;  the  lime  when  crabs  hibemale  in  the  sediment. 
Annual  survey  sampling  consists  of  a  single  lOO-m  tow  of  a  2.8-m 
(6  foot)  toothed  commercial  dredge  at  nearly  1.000  stations 
throughout  the  bay.  The  dredge  is  equipped  with  a  1,'i-nim  mesh 
bay.  which  is  effective  for  the  capture  of  small  carbs.  Data  are 
collected  by  sex  and  size  class  (mm);  catch  per  unit  effort  (CPUE) 
is  measured  as  the  number  of  crabs/1.000  nr.  Sex-specific  age  1  + 
and  age  2+  slock  abundance  indices  are  presented  in  Figures  I 
and  2. 

Maryland  TraHl  Sur>ey 

The  MDNR  blue  crab  trawl  survey  (1977  to  1995)  provides  an 
index  of  relative  abundance  for  age  0+  crabs  measured  as  the  mean 
number  of  crabs/tow.  Survey  sampling  has  occurred  from  May  to 
November  in  the  Chester  River,  the  Choptank  River,  the  Potomac 
River,  the  Eastern  Bay,  Tangier  Sound,  and  Pocomoke  Sound.  In 
many  years,  some  systems  and  months  were  unsampled.  To  pro- 
vide an  internally  consistent  measure  of  CPUE.  we  selected  the 
subset  of  the  Choptank  River,  the  Eastern  Bay,  and  Pocomoke  and 
Tangier  Sounds  during  July  to  September,  which  were  sampled 
fairly  consistently  each  year.  Annual  indices  of  abundance  were 
calculated  as  the  mean  monthly  CPUE  for  all  areas  combined. 
Time  .series  trends  in  relative  abundance  for  age  1+  male  and 
female  crabs  are  shown  in  Figure  3. 

VIMS  Trawl  Survey 

The  Virginia  Institute  of  Marine  Sciences  (VIMS)  has  con- 
ducted a  trawl  survey  since  1955  to  measure  trends  in  relative 
abundance  of  selected  finfish  species.  Sampling  occurs  in  the 
lower  Chesapeake  Bay  and  up  to  the  freshwater  interface  of  the 
James.  York,  and  Rappahannock  Rivers.  Samples  from  approxi- 
mately 100  stations  are  collected  monthly  by  a  lO-m  wide  shrimp 
trawl  towed  for  5  minutes.  Catch  is  sorted  and  enumerated  by 
species;  biological  data  on  a  considerable  portion  (20-50,000/ 
month)  of  the  catch  is  taken.  This  trawl  program  has  undergone 
several  modifications  in  gear  and  sampling  protocol  since  its  in- 
ception in  1955.  Rugolo  et  al.  (1997)  describe  the  nature  of 
changes  in  the  study  that  have  affected  catch  rates  of  key  targeted 
species.  Since  1979.  the  survey  sampling  protocol  has  remained 
essentially  unchanged. 
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Figure  1.  Bavwide  winter  dredge  survey  relative  abundance  index 
(number/l.OdO  m")  for  age  1+  (3560  mm  CW)  blue  crabs  by  sex  for 
1990  to  1996. 
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Figure  2.  Bavwide  winter  dredge  survey  relative  abundance  index 
(number/1,000  m')  for  age  2+  (a  120  mm  CWl  blue  crabs  by  sex  for 
1990  to  1996. 

Indices  of  relative  abundance  for  blue  crabs  are  expressed  as 
the  geometric  mean  catch/tow  weighted  by  strata  area.  Recently, 
comparative  sampling  has  been  conducted  by  the  VIMS  survey 
staff  using  historical  gear  configurations  in  an  effort  to  standardize 
catch  rates  associated  with  each  configuration.  Provisional  cor- 
rected blue  crab  indices  of  relative  1968  to  1995  abundance  were 
derived  based  on  this  analysis  and  examined  for  trends  in  abun- 
dance among  years.  The  corrected  relative  abundance  of  age  l-i- 
blue  crabs  collected  from  the  James,  York,  and  Rappahannock 
Rivers,  sexes  combined,  are  shown  in  Figure  4. 

Calvert  Cliffs  Survey 

The  Calvert  Cliffs  pot  survey  has  been  conducted  since  1968 
adjacent  to  the  Calvert  Cliffs  Nuclear  Power  Plant  in  the  Chesa- 
peake Bay  (Abbe  1983.  Abbe  1987.  Abbe  and  Stagg  1996).  This 
survey  uses  baited  commercial  peeler  pots  of  25-mm  ( 1-in)  mesh 
to  sample  crabs  at  three  sites.  The  most  consistent  sampling  has 
occurred  between  June  and  November  of  each  year,  when  up  to  60 
pots  were  fished  during  alternate  weeks.  From  1968  to  1995, 
I  13,002  blue  crabs  were  caught  in  18,106  pot  days  (Abbe  and 
Stagg  1996).  Although  peeler  pots  generally  selected  for  crabs 
larger  than  75  mm  CW,  crabs  as  small  as  38  mm  CW  are  taken. 
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Figure  3.  Maryland  trawl  survey  relative  abundance  index  (mean 
number/tow)  for  age  l-i-  (s60  mm  CW)  blue  crabs  by  sex  for  1977  to 
1995. 
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Figure  4.  Virginia  Institute  of  Marine  Sciences  trawl  survey  corrected 
relative  abundance  index  (mean  number/tow)  for  age  1+  (S56O  mm 
CW)  blue  crabs  sexes  combined  for  1968  to  1995. 


Approximately  75%  of  crabs  caught  in  tfiis  survey  since  1968  were 
larger  than  120  mm  CW. 

Sex-specific  relative  abundance  from  this  survey  is  expressed 
as  the  arithmetic  mean  number/pot.  Trends  in  survey  CPUE  for  age 
1+  male  and  female  blue  crabs  from  1968  to  1996  are  shown  in 
Figure  5.  The  trend  in  blue  crab  relative  abundance  from  the  Cal- 
vert Cliffs  survey  and  the  Maryland  blue  crab  harvest  are  highly 
correlated  (Abbe  and  Stagg  1 996,  Rugolo  el  al.  1997,  Rugolo  et  al., 
this  volume).  Correlation  coefficients  of  0.72  and  0.70  were  found 
between  survey  CPUE  and  the  Maryland  pot  and  Maryland  total 
harvest,  respectively,  and  0.88  with  the  Maryland  commercial  pot 
CPUE. 

Smith  Island  Scrape  Survey 

In  a  project  conducted  by  the  Chesapeake  Biological  Labora- 
tory, abundance  and  size  composition  data  on  blue  crabs  were 
consistently  collected  from  the  Smith  Island  scrape  fishery  from 
1948  to  1972  (except  1955,  1956,  and  1959).  The  two  components 
of  the  sampling  program  consisted  of  weekly  mean  size  and  sex 
composition  of  crabs  captured  by  the  same  commercial  fisher 
throughout  the  season,  and  the  mean  daily  CPUE  (number/fisher/ 


day)  for  each  week  of  the  season  based  on  a  subsample  of  all  Smith 
Island  scrape  fishers.  The  Smith  Island  survey  time  series  is  based 
on  samples  drawn  from  a  small  geographic  area;  however,  no  other 
survey  provides  estimates  of  blue  crab  abundance  over  this  period. 
The  Smith  Island  abundance  trends  provide  a  unique  and  useful 
means  to  examine  historic  patterns  in  Chesapeake  Bay  blue  crab 
relative  abundance. 

The  scrape  fishery  likely  represents  the  most  unbiased  com- 
mercial gear  for  estimation  of  size  structure  of  the  blue  crab  popu- 
lation =s  120  mm  CW;  larger  sizes  are  captured  at  lower  rates  either 
because  of  gear  selectivity  or  availability.  We  considered  the 
nominal  age  2-1-  (SI20  mm  CW)  abundance  index  to  be  less  reli- 
able than  indices  for  age  0  and  age  1  (Figure  6).  The  Smith  Island 
scrape  and  Calvert  Cliffs  pot  surveys  both  provide  consistent  sam- 
pling for  blue  crabs,  and  the  respective  indices  of  abundance  are 
well  coiTclated  in  the  5  years  (1968  to  1972)  when  both  surveys 
were  conducted  (Rugolo  et  al,  1997).  To  ascertain  the  degree  of 
coherence  in  CPUE  between  these  survey  data,  log-log  regressions 
were  fit  to  the  Smith  Island  and  Calvert  Cliffs  size  class  abundance 
data  most  efficiently  captured  by  the  gears.  During  1968  to  1972, 
the  Calvert  Cliffs  age  1+  and  Smith  Island  age  1  indices  were 
highly  correlated  (R-  =  0.96)  and  related  according  to  CC,+  = 
8.97"  X  SI|'^'.  Stronger  correlations  were  found  between  the 
CC|  and  SI  I  indices  (R-  =  0.99);  strong  correlations  were  found 
between  the  CC,^  and  SI,^  (R-  =  0.95)  and  between  the  CC,^  and 
SI,^  indices  (R-  =  0.93)  (Rugolo  et  al.  1997). 

The  fact  that  these  surveys  were  so  highly  correlated  suggested 
that  a  50  y  time  series  of  survey  relative  abundance  could  be 
developed  by  merging  age-specific  indices  from  the  two  surveys. 
Because  the  Calvert  Cliffs  survey  is  on-going,  we  chose  to  express 
historic  Smith  Island  relative  blue  crab  abundance  in  the  currency 
of  Calvert  Cliffs  relative  abundance — that  is,  impute  the  Calvert 
Cliffs  indices  from  1948  to  1972  based  on  the  functional  form 
noted.  Calvert  Cliffs  age  1-f  CPUE  from  1968  to  1994  (observed) 
and  estimated  (1948  to  1972)  based  on  the  log-log  regression  of 
CC|^  on  SI,  CPUE  indices  are  shov\n  in  Figure  7.  Regression 
results  are  shown  in  the  inset. 

Fishery-Dependent  Stock  Measures 

Estimates  of  the  total  population  abundance  of  the  peeler/soft 
crab  component  of  the  stock  and  the  hard  crab  component  of  the 
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Figure  5.  Calvert  Cliffs  peeler  pot  survey  relative  abundance  index 
(mean  number/pot)  for  age  1+  (  *60  mm  CW)  blue  crabs  sexes  by  sex 
for  1968  to  1996. 
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Figure  6.  Smith  Island  scrape  survey  relative  abundance  index  (mean 
nnmber/person/dayl  for  age  0  (0-59  mm  CW)  and  age  I  (6(1-119  mm 
CW)  blue  crabs  sexes  combined  for  1948  to  1972  (except  1955.  1956. 
and  1959), 
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Figure  7.  Calvert  Cliffs  peeler  pot  survey  age  1+  (s?60  mm  CVVl  rela- 
tive abundance  index  showing  observed  (1968  to  1994)  and  estimated 
(1948  to  1972)  abundance  indices  based  on  log-log  regression  of  Cal- 
vert ClitTs  age  1+  abundance  on  Smith  Island  age  1  abundance.  Re- 
gression results  are  shovvn  in  inset. 

stock  were  made  for  1956  to  1995.  These  population  estimates 
were  derived  using  historic  hard  and  peeler/soft  crab  harvest  data 
and  estimated  annual  exploitation  rate  (|jl)  (Rugolo  et  al.  1997). 
Under  this  formulation,  the  annual  exploitation  rate  in  year  t 
[|J-,1  is: 


p.,  =  [F,A/Z|  =  |F,*(1 
where  F   =   fishing  mortality.  Z 


■)l/(M-i-F,); 


(I) 


total  mortality,  and  M  = 
natural  mortality.  These  calculations  assume  Type  II  fisheries  with 
M  =  0.375,  and  the  partial  recruitment  of  age  1  crabs  (PR, )  equal 
to  0.75,  and  PR;;+  =  1.0  for  age  2-i-  crabs.  The  fishing  mortality 
rate  term  in  Eq.  1  is  multiplied  by  the  PR  scaler  for  each  stock 
component — that  is.  by  PR,  for  peeler/soft  crabs  and  PR,  for  hard 
crabs.  Total  absolute  abundance  (N,)  in  year  t  is  derived  by  rear- 
rangement of  the  catch  equation  (Baranov  1918): 


N, 


C,/|J-i 


(2) 


Historic  commercial  hard  and  peeler/soft  crab  harvest  (C,)  data 
were  available  for  Maryland.  Virginia,  and  baywide  fisheries 
(Rugolo  et  al..  this  volume).  Based  on  previous  estimates  of  the 
recreational  harvest  of  blue  crabs  (Stagg  et  al.  1994).  the  reported 
commercial  harvest  in  each  year  was  expanded  by  25%  to  account 
for  expected  removals  from  the  stock  caused  by  recreational  fish- 
ing. The  resulting  population  estimates  can  be  considered  under- 
estimates as  a  result  of  inadequate  or  under-reporting  of  commer- 
cial harvest  and  the  severe  underestimation  of  peeler/soft  crab 
landings  (Rugolo  et  al..  this  volume).  Estimates  of  the  total  popu- 
lation abundance  for  the  peeler/soft  crab  and  the  hard  crab  stock 
components  were  derived  using  annual  exploitation  rates  (p.,) 
based  on  the  Calvert  Cliffs  and  VIMS  trawl  survey  length-based 
estimates  of  F  (Table  1).  The  time  series  trends  in  estimated  total 
abundance  of  the  peeler/soft  crab  and  hard  crab  stocks  for  1956  to 
1995  are  shown  in  Figure  8. 

Juvenile  Recruitment 

Current  and  historic  juvenile  recruitment  was  assessed  by  ex- 
amining tlshery-independent  age  0  and  age  1  relative  abundance 
indices  from  the  winter  dredge  survey,  Calvert  Cliffs  pot  survey, 
VIMS  trawl  survey,  MDNR  trawl  survey,  and  the  Smith  Island 


scrape  survey.  Estimated  absolulc  haywidc  peeler/soft  crab  abun- 
dance was  also  examined.  The  trend  in  age  0  relative  abundance 
measured  by  the  baywide  winter  dredge  survey  in  1990  to  1995  is 
shown  in  Figure  9.  Relative  abundance  of  male  and  female  age  0 
blue  crabs  measured  by  the  MDNR  trawl  survey  for  years  1977  to 
1995  is  shown  in  Figure  10.  Figure  1 1  presents  the  time  series  of 
corrected  relative  age  0  abundance  for  years  1968  to  1995,  sexes 
combined,  from  the  VIMS  trawl  survey.  Commercial  peeler  pots 
employed  in  the  Calvert  Cliffs  survey  do  not  adequately  select  the 
age  0  group  (0-59  mm  CW).  Calvert  Cliffs  survey  abundance 

TABLE  1, 

Estimates  of  total  absolute  abundance  (n)  (10'')  of  crabs  ba.sed  on 

reported  harvest  and  survey-based  estimates  of  annual  exploitation 

rate  on  the  peeler/soft  and  hard  crab  components  of  the  Chesapeake 

Bay  stock  for  1956  to  1995,  and  mean  abundance  with  standard 

error  for  the  respective  periods. 


Cah 

ert  Cliffs-Based  N 

VIMS  Trawl-Based  n 

Year 

P/Soft 

Hard 

Total 

P/Soft 

Hard 

Total 

1956 

40.3 

245.6 

285.9 

1957 

51.3 

255.0 

306.4 

1958 

46.9 

222.0 

268.9 

1959 

32.2 

204.6 

236.7 

I960 

44.9 

327.8 

372.7 

1961 

43.4 

343.2 

386.6 

1962 

53.8 

389.4 

443.2 

1963 

31.4 

303.2 

334.6 

1964 

46.3 

355.9 

402.2 

1965 

38.1 

398.0 

436.1 

1966 

30.6 

512.0 

542.6 

1967 

36.3 

409.4 

445.7 

1968 

30.9 

420.0 

450.8 

19.5 

276.0 

295.5 

1969 

43.8 

288.6 

332.4 

45.8 

300.1 

345.8 

1970 

29.3 

380.4 

409.7 

29.6 

383.6 

413.2 

1971 

22.9 

376.9 

399.8 

21.8 

360.8 

382.5 

1972 

26.0 

379.1 

405.1 

24.0 

353.8 

377.8 

1973 

32.1 

348.4 

380.4 

21.8 

246.8 

268.7 

1974 

34.2 

387.5 

421.7 

26.7 

309.7 

336.4 

1975 

29.8 

344.8 

374.6 

22.4 

266.6 

288.9 

1976 

27.4 

272.9 

300.4 

25.4 

254.4 

279.8 

1977 

29.5 

417.3 

446.9 

23.0 

331.1 

354.1 

1978 

22.4 

331.0 

353.4 

19.4 

290.6 

310.1 

1979 

130.6 

373.4 

504.0 

123.2 

354.3 

477.5 

1980 

25.5 

418.6 

444.0 

23.3 

385.3 

408.6 

1981 

30.6 

545.2 

575.8 

32.8 

580.6 

613.4 

1982 

48.7 

610.9 

6.59.6 

42.5 

538.9 

581.3 

1983 

60.7 

618.0 

678.7 

54.8 

563.4 

618.2 

1984 

30.2 

491.8 

522.0 

28.1 

462.6 

490.8 

1985 

40.8 

490.2 

531.0 

37.3 

452.9 

490.3 

1986 

24.2 

462.0 

486.2 

25.5 

486.1 

511.6 

1987 

30.1 

474.0 

504.1 

28.2 

446.5 

474.6 

1988 

27.9 

484.5 

512.4 

26.5 

461.6 

488.1 

1989 

30.7 

496.8 

527.5 

31.7 

510.6 

542.3 

1990 

30.5 

554. 1 

584.6 

29.3 

534.3 

563.6 

1991 

38.0 

532.0 

569.9 

41.3 

573.7 

614.9 

1992 

17.8 

277.9 

295.8 

22.1 

337.6 

359.8 

1993 

39.7 

582.4 

622.2 

41.6 

607.1 

648.8 

1994 

29.8 

370. 1 

399.9 

29.8 

370.1 

399.9 

1995 

35.5 

365.3 

400.8 

39.2 

399.0 

438.1 

Mean 

35.7 

431.9 

467.6 

35.8 

385.1 

420.9 

SE 

3.9 

18.6 

19.5 

2.7 

17.3 

17.6 
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Figure  8.  Estimated  Chesapeake  Bay»ide  total  absolute  abundnace  of 
crabs  in  the  peeler/soft  crab  and  hard  crab  components  of  the  stock 
based  on  reported  harvest  values  and  the  VIMS  survey-based  esti- 
mates of  annual  exploitation  rate  for  1956  to  1995. 

indices  for  age  1  (60-1 19  mm  CW)  crabs  were  derived  for  1968  to 
1995  by  sex  (Fig.  12).  Trends  in  age  0  blue  crab  relative  abundance 
for  years  1948  to  1972  measured  by  the  Smith  Island  survey  are 
shown  in  Figure  6,  absent  years  1955,  1956,  and  1959, 

Fishery  Yield  and  Catch  per  Unit  Effort 

Historic  (1945  to  1995)  Maryland  and  Virginia  commercial 
landings  of  hard  and  peeler/soft  crabs  and  total  nominal  directed 
effort  were  compiled  (Table  2)  (Rugolo  et  al.,  this  volume).  Data 
from  1945  to  1972  for  Virginia  and  through  1980  for  Maryland 
were  obtained  from  the  Bureau  of  Commercial  Fisheries  (later  the 
National  Marine  Fisheries  Service)  annual  volume.s  of  the  Fisher- 
ies Stcilislics  of  the  United  States.  Data  in  subsequent  years  were 
provided  by  the  Virginia  Marine  Resources  Commission  (VMRC) 
and  MDNR.  These  coinmercial  fisheries  data  are  unadjusted  re- 
ported landings.  Historic  effort  data  were  most  complete  for  the 
baywide  pot  fishery,  accounting  for  40-80%  of  the  landings  from 
all  jurisdictions  from  1945  to  1995,  and  for  70%  since  1981 
(Rugolo  et  al.,  this  volume).  Directed  fishing  effort  from  the  other 


O 

t 

UJ 
CD 

3 
Z 
Z 
< 
UJ 


85  87 

YEAR 

Figure  10.  Maryland  trawl  survey  relative  abundance  index  (mean 
number/tOH)  for  age  0  (0-59  mm  t'VV)  blue  crabs  by  sex  for  1977  to 
1995, 

two  principal  commercial  gear  types  (trotline  and  dredge)  were 
converted  to  equivalent  pot  units  and  combined  to  provide  a  bay- 
wide  measure  of  total  nominal  effort  for  1945  to  1995  (Fig.  13; 
Rugolo  et  al.,  this  volume).  These  annual  effort  data  were  consis- 
tently derived  and  judged  to  provide  a  suitable  basis  for  interan- 
nual  comparisons  of  the  trend  in  effort  during  the  last  five  decades. 
Total  baywide  hard  plus  peeler/soft  crab  harvest  (Fig.  14)  were 
divided  by  total  nominal  effort  to  provide  a  measure  of  CPUE  in 
the  baywide  fisheries  for  years  1945  to  1995  (Table  2,  Fig.  15). 
Based  on  recent  time  .series  of  harvest  and  effort  from  1982  to 
1995,  trends  in  relative  stock  abundance  from  the  Maryland  pot 
and  trotline  fisheries  were  derived  (Fig.  16).  Commercial  harvest 
and  effort  data  from  the  Potomac  River  were  provided  by  the 
Potomac  River  Fisheries  Commission  (PRFC)  for  years  1964  to 
1996  (Table  3,  Fig.  17). 

Surphis  Production  Analysis 

Surplus  production  modeling  was  developed  for  the  purpose  of 
estimating  maximum  sustainable  yield  (MSY)  for  the  combined 
Chesapeake  Bay  commercial  fisheries.  We  developed  production 
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Figure  9.  Baywide  winter  dredge  survey  relative  abundance  Index 
(number/1,000  nri  for  age  0  (0-59  mm  CW)  blue  crabs  by  sex  for  199(1 
to  1996. 
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Figure   11.  Virginia  Institute  of  Marine  Sciences  trawl  survey  cor- 
rected relative  abundance  index  (mean  number/tow)  for  age  0  (0-59 
mm  CWl  blue  crabs,  sexes  combined,  for  I96S  to  1995, 
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Figure  12.  Calvert  CliHs  peeler  pot  survey  relative  abundance  index 
(mean  number/pot)  for  age  1  (60-119  mm  CW)  blue  crabs  by  sex  for 
1968  to  1996. 

models  of  Schaefer  (1954)  and  Fox  (1970)  using  bay  wide  com- 
mercial harvest  and  nominal  directed  effort  for  1945  to  1995 
(Table  2).  This  analysis  updated  that  of  Tang  (1983).  who  used 
harvest  and  effort  data  through  1981.  The  resulting  fits  of  the 
Schaefer  and  Fox  production  models  are  shown  in  Figures  18 
and  19. 

Stock-Recruitmeiil 

We  explored  blue  crab  stock-recruitment  (S-R)  modeling  us- 
ing a  variety  of  spawning  stock  and  recruitment  abundance  indices. 
The  purpose  of  these  efforts  was  twofold:  (I)  to  determine  if  a 
consistent,  representative  time  series  of  spawning  stock  and  re- 
cruitment measures  was  available  to  characterize  the  relationship 
between  spawning  stock  and  subsequent  recruitment;  and  (2)  to 
examine  whether  the  relationship  between  stock  recruitment  could 
be  improved  by  incorporating  density-mdependent  factors  that  in- 
fluence juvenile  survivorship  or  recruitment  to  the  stock.  We  fit  the 
Ricker  ( 1954)  stock-recruitment  model  to  a  total  of  six  spawning 
stock  and  seven  recruit  metrics  for  a  total  of  42  pairwise  combi- 
nations of  S-R  relationships.  We  refer  the  reader  to  Rugolo  et  al. 
( 1997)  for  a  more  thorough  presentation  of  this  analysis.  Results  of 
the  two  best  model  fits  between  the  VIMS  trawl  survey  female 
spawning  stock  (&130  mm  CW)  index  in  year  t  versus  the  VIMS 
and  MDNR  trawl  survey  age  0  indices  in  year  t-i-l  are  shown  in 
Figures  20  and  21.  respectively. 

Preliminary  analysis  using  the  best  S-R  model  fits  were  con- 
ducted using  a  method  described  in  Tang  (1985)  to  examine  if 
environmental  factors  assumed  to  affect  juvenile  blue  crab  survi- 
vorship and  recruitment  to  the  stock  could  improve  the  stock- 
recruitment  relationship.  We  examined  bottom  measures  of  tem- 
perature, salinity,  and  dissolved  oxygen  in  the  mainstem  bay  and 
freshwater  inflow  rates  measured  as  cumulative  river  discharge 
from  the  Susquehanna  River  through  the  mouth  of  the  Chesapeake 
Bay.  Results  of  this  analysis  were  indeterminate,  because  these 
environmental  factors  were  not  found  to  correlate  significantly 
with  the  density-independent  parameter  of  the  Ricker  (1954) 
model.  Further  analysis  of  density-independent  effects  on  recruit- 
ment success  in  blue  crabs  is  in  development  using  more  determi- 
native environmental  measures  (Rugolo  et  al.  1997). 

Exploitation  Rates 

To  guage  the  current  and  historic  performance  of  the  Chesa- 
peake Bay  blue  crab  fisheries,  we  derived  measures  of  relative 


exploitation  rate  (1968  to  1995)  and  absolute  eploitation  rate  (1956 
to  1995)  on  the  hard  and  peeler/soft  crab  components  of  the  stock. 
Measures  of  relative  exploitation  rate  provided  a  basis  for  assess- 
ing the  time  series  trends  in  exploitation  rate  and  for  detecting  a 
rise  in  exploitation  as  recent  anecdotal  information  suggested.  Es- 
timates of  absolute  exploitation  rates  represent  the  fraction  of  the 
stock  removed  by  fishinc. 


Relative  Exploitation  Rates 

Relative  exploitation  rate  was  calculated  using  an  estimate  of 
the  fraction  of  the  stock  removed  by  the  fisheries.  From  the  Bara- 
nov  (1918)  catch  equation  (C  =  F  •  B)  we  see  that  fishing  mor- 
tality rate  (F)  is  proportional  to  catch  (C)  divided  by  average 
biomass  (B).  If  an  adequate  index  of  stock  biomass  (B)  can  be 
determined  from  survey  or  fishery  CPUE,  then  relative  exploita- 
tion rate  (|jIre,  )  can  be  calculated  as  the  ratio  of  the  reported  catch 
biomass  (C)  to  the  index  of  stock  biomass  (CPUEj: 


(iRivi    =  C/CPUE 


(3) 


From  this  concept  we  derived  relative  exploitation  rate  (jxrel'  in 
year  t  as: 


M-REL  - 


Catch,  (kg) 


Survey  Abundance  Index,  (kg) 


(4) 


Relative  exploitation  rates  were  derived  using  baywide  total 
commercial  harvest  (Table  2,  Fig.  14)  and  two  fishery-independent 
measures  of  relative  exploitable  stock  biomass:  the  Calvert  Cliffs 
pot  survey  and  the  VIMS  trawl  survey  CPUE  indices.  Figure  22 
illustrates  the  time  series  trend  in  p-Kr.i.  on  the  baywide  stock  using 
Calvert  Cliffs  age  l-i-  and  age  2-1-  stock  biomass  indices  for  1968  to 
1995.  Chesapeake  Bay  relative  exploitation  rates  during  1968  to 
1995  were  also  computed  using  the  VIMS  age  1+  and  age  2-i-  stock 
biomass  measures  (Fig.  23).  A  time  series  trend  in  p.p.g[  for  the 
Maryland  blue  crab  fishery  was  derived  using  the  Calvert  Cliffs 
age  I-i-  and  age  2-i-  abundance  indices  and  the  Maryland  blue  crab 
harvest  in  years  1968  to  1995  (Fig.  24). 

Absolute  Exploitation  Rate 

The  rates  of  annual  exploitation  on  the  hard  crab  and  peeler/soft 
crab  components  of  the  stock  were  estimated  for  1956  to  1995 
using  the  length-based  estimates  of  instantaneous  total  mortality 
rate  (Z),  the  partial  recruitment  of  each  stock  component  to  fully 
recruited  F,  and  the  instantaneous  rate  of  natural  mortality  (M). 
Length-based  rates  of  Z  were  derived  using  the  Calvert  Cliffs  and 
VIMS  survey  carapace  width  frequency  data  (see  Total  and  Fish- 
ing Mortality  Rates  section,  below).  For  these  calculations,  we 
assumed  Type  II  fisheries  with  M  =  0.375,  peeler/soft  crab  PR,, 


0.75  and  hard  crab  PR, 


1.0.  In  this  formulation,  absolute 


exploitation  rate  (j-abs  'i  Y^^'^  •  was  derived  as: 


f'-ABS  ■ 


F,A 


F,(l 


(M-l-F,) 


(5) 


Width-based  estimates  of  instantaneous  fishing  mortality  rate 
(F),  computed  from  the  VIMS  and  Calvert  Cliffs  survey  data,  as 
well  as  derived  annual  exploitation  rates  (|J.a,bs)  on  the  peeler/soft 
and  hard  crab  stock  components  are  shown  in  Table  4  and  Figures 
25  and  26. 
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Maryland 

Virginia 

Iota! 

Ha)  wide- 
Noniiiial 

Std. 

Year 

Hard 

Soft 

Total 

Hard 

Soft 

Total 

Harvest 

F.ffort 

CPUE 

1945 

S,172 

769 

8.')4I 

7,894 

815 

8.709 

17.650 

89.601 

0.434 

I'Md 

11,264 

1.169 

12,433 

11,268 

731 

11.')')') 

24.432 

120.031 

0.449 

1947 

11.3 12 

l..^61 

12,674 

14,40! 

1 .087 

15.4SS 

28.162 

100.256 

0.619 

1948 

'1.123 

842 

9,965 

1 7.')07 

1.232 

1').I4(I 

29.105 

128.027 

0..501 

1949 

9.792 

1 .054 

10,847 

17.052 

1,117 

18,168 

29.015 

141.889 

0.45 1 

1950 

12.177 

1.311 

13.488 

l'),461 

1.437 

20,898 

.14.385 

164.171 

0.462 

1 95 1 

12.024 

914 

12,9.U) 

15,763 

1.778 

17,542 

30.480 

165,932 

0.405 

1952 

11.760 

712 

12,473 

14,054 

986 

15,039 

27.512 

137,185 

0.442 

1953 

1  1 .958 

S64 

1 2,823 

13,702 

1,162 

14,864 

27,687 

159,316 

0.383 

1954 

S.  1 5 1 

.501 

8.652 

13.671 

9.34 

14,605 

23,258 

149,313 

0.343 

1  '155 

(i.'lllS 

545 

7.453 

11.432 

804 

12,236 

19,688 

165,7.14 

0.262 

1956 

').6 1 S 

829 

10,448 

10.423 

786 

11,20') 

21,6.56 

169,062 

0.282 

1957 

12.41') 

1.5.54 

13.')73 

10.0.54 

716 

10,769 

24.742 

203,852 

0.268 

1958 

11.571 

1.4.W 

13,010 

7,227 

562 

7,790 

20.800 

l')8.439 

0.231 

1959 

').405 

890 

10, 2')5 

8,100 

483 

8,584 

18,879 

260,846 

0.160 

1 ')()() 

12.1)44 

1.26  5 

\}.M)1 

16.051 

624 

16,675 

29,982 

298,412 

0.222 

I9(il 

12.002 

1.220 

13,222 

17.711 

619 

18,3.10 

31,552 

264,643 

0.263 

1962 

12.447 

1,763 

14,210 

21,909 

549 

22.458 

36,668 

291,079 

0.278 

I9(v^ 

7.5SS 

955 

8,.543 

19.102 

376 

19.478 

28,021 

326,1.58 

0. 1 89 

1'1(.4 

10.1  12 

1.584 

1  1 ,6')6 

20.825 

363 

21,188 

32,884 

277,271 

0.262 

1965 

14.170 

1,181 

15,.\51 

20,257 

432 

20,689 

36,040 

302,07 1 

0.263 

1966 

16.429 

854 

17,283 

28.112 

442 

28,5.54 

45,837 

373.684 

0.270 

1967 

11.057 

987 

12,044 

24.863 

552 

25,415 

37,459 

,140.013 

0.243 

1968 

4.1 84 

4.54 

4,639 

20.336 

366 

20,702 

25,.340 

326,144 

0.171 

|0(,» 

10.356 

1.015 

11, .170 

15.281 

894 

16.175 

27,545 

375,656 

0.162 

l')7U 

11.164 

715 

11,878 

18,383 

380 

1S.763 

30,641 

400,711 

0.169 

1971 

11.697 

677 

12,374 

21,153 

292 

2 1 .445 

33,819 

.131,511 

0.225 

1972 

10.4.50 

692 

11,142 

20,883 

340 

T  1  TT") 

32,365 

334,223 

0.214 

1973 

8.700 

667 

9,366 

15,520 

.391 

15.912 

25,278 

.108.727 

O.ISl 

1974 

10,364 

815 

11,179 

17.071 

3.39 

17.410 

28,589 

300.465 

0.210 

1975 

10.549 

708 

11,2.56 

14,186 

321 

14..507 

25,764 

323.645 

0.176 

1976 

S.4')6 

627 

9, 1 23 

1 1 .469 

339 

11.808 

20,93 1 

372.(K)I 

0.124 

1977 

9.058 

525 

9,583 

16.063 

310 

16.372 

25,955 

.191.517 

0.146 

l')78 

7.272 

389 

7,661 

15.887 

.351 

16.238 

23,899 

461,145 

0.114 

l')7i) 

10.771 

4.157 

14,')28 

16.939 

489 

17.429 

32,357 

548,744 

0.130 

I'ISO 

10,823 

489 

11,312 

15.189 

261 

15.4.50 

26,762 

490.179 

0.120 

I')S1 

25,761 

977 

26,738 

20,798 

327 

21.125 

47,863 

749.997 

0.141 

I'ls: 

20.814 

1,221 

22,035 

21,785 

424 

22.20') 

44,244 

667.203 

0.146 

1983 

23,740 

1.804 

25,.543 

21,259 

.356 

21,615 

47.158 

571.223 

0.182 

1984 

19,917 

878 

20,794 

22,273 

400 

22,672 

43.466 

5.16.019 

0.179 

1985 

23,923 

1.259 

25,182 

17,2.14 

458 

17.692 

42.873 

498,.308 

0.190 

1986 

20.379 

670 

21.049 

15.467 

257 

15.724 

36.773 

545,847 

0.149 

1987 

IS.530 

811 

l'),341 

13,453 

180 

13.633 

32.974 

526,384 

0. 1 38 

1988 

1S..^>7 

502 

KS.S'W 

15.116 

441 

15,556 

34,456 

479,227 

0.1.59 

1989 

18.652 

555 

19,207 

18.297 

561 

18,858 

38,065 

535,291 

0.157 

l<W() 

19,809 

642 

20.45 1 

20,350 

431 

20,781 

41,232 

439,217 

0.207 

l'»M 

20.748 

789 

21.537 

19,082 

604 

l'),686 

41,223 

511,988 

0.178 

1992 

1 3.449 

546 

13.994 

10.571 

226 

10.797 

24,791 

460,488 

0.11') 

1993 

25.137 

8.37 

25,974 

24.596 

846 

25,442 

51.416 

612.916 

0.185 

1994 

18.998 

746 

19.745 

15,.502 

658 

16.160 

35.904 

494.597 

0.160 

1995 

18,.V58 

772 

19,1.10 

1 3.542 

785 

14.327 

33,457 

614.767 

0.120 

'  Nominal  effort  standardized  to  pot  effort. 
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("ontoiiipoiaiy  fisheries  stock  assessnieiu  relics  on  .i  \arict\  o\' 
analytical  approaches  to  estimate  fishing  mortalils  r.ito  (I  )  Where 
reliable  age  data  exist,  catch-at-age  analysis,  such  .is  \  irni.il  popu- 


lation analysis  or  other  age-hased  methods,  are  often  employed. 
\\  here  age  data  are  una\ailable.  and  siiilahle  measures  of  the 
length-frequency  of  the  catch  c\isi.  eatch-at-si/.e  analysis  can  be 
employed,  given  specification  of  the  growth  model  of  the  target 
oiganism.  Blue  crabs  present  challenges  in  estimating  F.  because 
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Kimiro  13.  Clusapeake  Baywidf  bluf  crab  iH.minal  llshhiK  effort  ( !()"       '>«""■  '?•  <  luvMHi.k..  |{a.v«i<l.  I.l.io  oal.  n.i......rdal  ( TUK  ikvJpot) 

.  .r       ii.ic  .      urns  li>r  I'M?  I"  l''"'?- 

pots)  for  l'»4^  to  l')•)^. 


holh  si/c  iincl  ugc  cdinposillim  ol  iIk-  l;irKlini:s.  ;is  ux-ll  ;is  Ihc  ;igc 
slructLire  of  I'ishcry-iiKlepcndciil  survey  data  arc  tmavailahlLV  A 
reliable  method  of  age  dclcrm illation  in  blue  crabs  is  not  available. 
The  absence  of  these  data  precluded  many  slandaid  analytical 
stock  assessment  approaches  to  estimate  !■'  on  Ihc  Chesapeake  Bay 
blue  crab  stock. 

In  instances  where  representative  annual  measures  of  the  length 
frequency  (width  frequency  for  crabs)  of  the  stt)ck  are  available,  as 
well  as  the  growth  in  length  with  age,  length-based  approaches  can 
provide  reliable  cslimalcs  of  many  population  ilynamic  and  fishery 
parameters.  Rcverlon  ami  Holt  (  [^>51)  tlcveloped  an  approach  lor 
estimating  instanlancoiis  lolal  mortality  /  from  the  mean  length 
(L)  of  the  catch  and  the  von  Bertalaiiffy  ( \^)W)  model  parameters 
K  and  L,.  Hoenig  (19K7)  suggested  that  the  Bc-yerton  and  Holt 
formulation  is  biased  in  the  estimation  of/,  when  I.  approaches  the 
length  at  full  recruitment  to  the  gear  (L').  We  selected  the  Hoenig 
refinement  to  estimate  /  on  the  Chesapeake  Bay  blue  crab  popu- 
lation, because  we  considered  thai  this  bias  was  operali\e  for 
available  data: 


Z=log, 


[e"'^(CW  -  CW , ) j  +  CW .  -  CW ' 

(CW-CW') 


(6) 


where,  K  and  CW,         curvaluic  ami  maximum  carapace  width 

parameleis  from  the  von  Bertalaiiffy  imulcl;  CW         mean  total 
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re  14.  Chesapeake  Haywide  reported  commercial  blue  crab  har- 
(1(1''  km  for  I'MS  lo  I'WS. 


CW  I  mm  I  ol  crabs  of  length  CW'  and  longer;  and.  CW  -=-  cara- 
pace width  (mm)  at  full  recruitmcnl  lo  ihc  gear. 

Carapace  width  frequency  data  used  in  this  analysis  were  ob- 
tained from  five  lishery-independent  surveys,  the  VIMS  and 
MHNK  trawl  surveys,  the  baywide  winter  dredge  survey,  the  Cal- 
vert Cliffs  pot  survey,  and  the  Chesapeake  Biological  Laboratory 
pot,  scrape,  and  trotline  simly. 

Carapace  width  frequency  distributions  were  prcparetl  for  sexes 
combined  in  10  mm  width  groups,  because  examination  of  .sex- 
spccilic  width  disirihiilions  displayed  no  pronounced  within  year 
diflerences  (Rugolo  el  al.  I')97).  Btiscd  on  resulting  width  lrei|iicn- 
cies,  gear  selection  characteristics,  survey  localioii,  and  related 
life-history  information,  lull  recruitment  to  the  survey  gear  (CW') 
was  set  a  120  mm.  Accordingly,  the  120-129  mm  and  larger  width 
groups  corresponding  to  age  2+  crabs  were  fully  recruited  to  l\ 
The  only  exception  was  the  19X7  CBI.  siudy  using  scrape  gear,  for 
which  full  rccruitmenl  was  set  al  dO  mni  carapace  widlli.  In  ihis 
inslance,  resulting  total  morlalily  cslimalcs  included  parlially  re- 
cruited age  1  crabs. 

Wiillh-based  estimates  of  Z  for  sexes  combined  using  MDNK 
and  VIM.S  trawl  survey  data  are  shown  in  Figure  27.  Correspi)nd- 
ing  estimates  based  on  the  baywide  winter  dredge  survey,  Calvert 
Cliffs  pot  survey,  and  I9S7  CBI.  study  are  shown  in  Figure  28. 
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TABLE  3. 

Potomac  River  blue  crab  harvest  (10'  kg)  and  effort  (number  of 
commercial  blue  crab  licenses  issued)  for  1964  to  1996. 


Year 


Harvest 


Effort 


1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 


1,301 

1.490 

1.589 

1,111 

689 

736 

864 

863 

963 

727 

757 

943 

902 

357 

1,007 

1,323 

n/a 

n/a 

1.893 

2,221 

1,802 

2.734 

2.657 

2.173 

2,251 

2,411 

2,321 

3,255 

2,620 

3,400 

2,696 

1.823 

2.508 


226 
231 
256 
244 
223 
234 
224 
226 
228 
247 
273 
301 
338 
384 
395 
349 
336 
375 
414 
397 
418 
400 
404 
387 
366 
363 
386 
390 
419 
459 
442 
500 
570 


Annual  fishing  mortality  rates  (F)  were  obtained  from  these  sur- 
vey-based estimates  of  Z  by  subtraction  of  M  =  0.375  (Table  4). 
The  reader  is  referred  to  Rugolo  et  al.  ( 1997)  for  a  more  complete 
presentation  of  data  tables  and  representative  width  frequency  his- 
tograms from  these  surveys. 
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Figure  17.  Potomac  River  blue  crab  commercial  harvest  (10''  kg)  and 
number  of  commercial  blue  crab  licenses  issued  from  1964  to  1996. 
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Figure  18.  Schaefer  surplus  production  model  for  baywide  blue  crab 
stock  based  on  commercial  harvest  and  nominal  effort  for  1945  to 
1995.  Estimated  MSY  is  for  commercial  fishery  only. 

Life  History  Characteristics 

Longevity 

One  of  the  population  dynamic  characteristics  fundamental  to 
stock  assessment  is  longevity.  Longevity  is  the  expected  maximum 
age  that  the  species  would  attain  under  conditions  of  no  fishing 
(i.e.,  F  =  ) — the  so-called  virgin  stock.  For  practical  consider- 
ations, longevity  can  be  considered  as  the  age  which  the  upper  95th 
percentile  of  the  unexploited  population  attains.  The  current  con- 
vention is  that  blue  crabs  in  the  Chesapeake  Bay  live  a  maximum 
of  3  y,  even  in  the  absence  of  fishing  (Van  Engel  1958).  This 
convention  is  based  on  the  observation  of  blue  crabs  held  in  cap- 
tivity. 

Results  of  a  tagging  study  conduced  in  Albemarle  Sound,  North 
Carolina  provided  compelling  evidence  that  blue  crabs  attain  an 
age  of  at  least  5  years  (Fishier  1965).  A  life  span  of  5  y  is  likely 
a  minimum  estimate  of  blue  crab  longevity,  because  intense  com- 
mercial fishing  on  the  stock  was  coincident  with  the  study;  thus, 
violating  the  assumption  of  virgin  conditions.  Based  on  Fishier 
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Figure  19,  For  surplus  production  model  for  baywide  blue  crab  stock 
based  on  commercial  harvest  and  nominal  effort  for  1945  to  1995. 
Estimated  MSV  is  for  commercial  fishery  only. 
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Figure  20.  Ricker  stock-recruitment  model  based  on  tlie  VIMS  trawl 
survey  female  spawning  stock  index  (3=130  mm  CVV)  and  age  0  (0-59 
mm  C\V)  recruitment  index  for  years  1956  to  1995. 


< 


X 

LU 

LU 
> 

LU 


YEAR 
Figure  23.  Relative  exploitation  rate  on  the  blue  crab  stock  calculated 
from  baywidc  harvest  and  the  VIMS  trawl  survey  abundance  indices 
(kg/tow)  for  age  1+  (s60  mm  C\V)  and  age  2+  (3=120  mm  C\V)  blue 
crabs. 


SPAWNER  INDEX 

Figure  21.  Ricker  stock-recruitment  model  based  on  the  VIMS  trawl 
survey  female  spawning  stock  index  (3=130  mm  C\V)  and  the  MDNR 
trawl  survey  age  0  recruitment  index  for  years  1977  to  1995. 


(1965).  we  initially  assumed  that  longevity  in  blue  crabs  was  6 
years.  Results  of  a  1989  tagging  study  (McConnaugha  1991)  on 
mature  female  blue  crabs  in  the  Chesapeake  Bay  corroborated 
Fishler's  findings  of  age  5  y  blue  crabs  present  in  the  stock;  ad- 
ditional tag  returns  indicated  that  6-year-old  crabs  were  also 
present.  In  1995.  two  tags  were  recovered  from  the  1989  releases, 
one  each  in  the  spring  and  fall  of  1995.  Because  these  two  recov- 
eries were  mature  females  (1.5-2  y)  when  released,  this  suggested 
that  female  blue  crabs  between  7.5-8  years  of  age  exist  in  the 
Chesapeake  Bay  stock  under  moderale-to-full  rates  of  fishing  inor- 
tality.  Given  this  information,  we  established  a  maximum  theoret- 
ical age  (longevity)  of  8  y  for  the  Chesapeake  Bay  blue  crab. 

The  use  of  an  older  maximum  age  from  the  range  of  likely 
values  is  risk  averse,  because  natural  mortality  (M)  becomes  a 
larger  component  of  Z.  and  the  threshold  fishing  mortality  rates  are 
lowered.  Rugolo  et  al.  (1997)  examined  the  impacts  on  estimated 
mortality  (Z)  and  biological  reference  points  associated  with  lon- 
gevity of  4  y  and  6  y.  Results  of  their  analysis  illustrated  that  the 
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Figure  22.  Relative  exploitation  rate  on  the  blue  crab  stock  calculated 
from  baywide  harvest  and  the  Calvert  Cliffs  pot  survey  abundance 
indices  (kg/pot)  for  age  1+  (3=60  mm  C\V)  and  age  2+  (3=120  mm  C\V) 
blue  crabs. 
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Figure  24.  Relative  exploitation  rate  on  the  blue  crab  stock  calculated 
from  Maryland  harvest  and  the  Calvert  Cliffs  pot  survey  abundance 
indices  (kg/pot)  for  age  1+  (3=60  mm  CWl  and  age  2+  (3=120  mm  CW) 
blue  crabs. 
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TABLE  4. 

Length-based  estimates  of  instantaneous  Ashing  mortahtv  rate  (F) 

and  exploitation  rate  (fi)  on  the  peeler/soft  and  hard  crab 

components  of  the  Chesapeake  Bay  stocli  using  Calvert  Cliffs  (CC) 

pot  survey  (1968  to  1995)  and  VIMS  trawl  survey  (1956  to  1995) 

carapace-width  frequency  data  and  mean  exploitation  rate  with 

standard  error  for  the  respective  periods. 


Year 


1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
I9S2 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

Mean 
SE 


Exploitation  Rate 


(F) 


P/Soft 


Hard 


CC 


VIMS 


CC 


VIMS 


0.52 
0.99 
0.80 
0.95 
0.87 
0.68 
0.70 
0.72 
0.74 
0.56 
0.68 
0.75 
0.59 
0.96 
0.70 
0.75 
0.95 
0.94 
0.83 
0.68 
0.70 
0.77 
0.74 
0.78 
0.98 
0.95 
Ml 
1,0(1 


0.88 
1.01 
0.96 
0.96 
0.94 
0.95 
0.97 
0.95 
0.94 
0.95 
0.95 
0.95 
0.94 
0.93 
0.79 
1.02 
0.97 
1.16 
0.98 
1.07 
0.82 
0.77 
0.82 
0.81 
0.66 
0.87 
0.84 
0.86 
1 .05 
1 .07 
0.77 
0.74 
0.75 
0.74 
0.78 
0.70 
0.73 
0.89 
1.11 
0.87 


0.27 
0.45 
0.38 
0.43 
0.41 
0.34 
0.35 
0.35 
0.36 
0.29 
0.34 
0.37 
0.30 
0.44 
0.35 
0.37 
0.43 
0.43 
0.39 
0.34 
0.35 
0.37 
0.36 
0.38 
0.44 
0.43 
0.48 
0.45 

0.38 
0.01 


(J.41 
0.45 
0.44 
0.44 
0.43 
0.43 
0.44 
0.43 
0.43 
0.43 
0.43 
0.43 
0.43 
0.43 
0.38 
0.46 
0.44 
0.50 
0.44 
0.47 
0.39 
0.37 
0.39 
0.39 
0.33 
0.41 
0.40 
0.40 
0.47 
0.47 
0.37 
0.36 
0.37 
0.36 
0.38 
0.35 
0.36 
0.41 
0.48 
0.41 

0.42 
0.01 


CC 


VIMS 


0.34 
0.54 
0.47 
0.53 
0.50 
0.42 
0.43 
0.44 
0.45 
0.36 
0.42 
0.45 
0.38 
0.53 
0.43 
0.45 
0.53 
0.52 
0.48 
0.42 
0.43 
0.46 
0.45 
0.46 
0.54 
0.53 
0.58 
0.54 

0.47 
0.01 


0.50 
0.55 
0.53 
0.53 
0.53 
0.53 
0.53 
0.53 
0.52 
0.53 
0.53 
0.53 
0.52 
0.52 
0.47 
0.55 
0.53 
0.59 
0.54 
0.57 
0.48 
0.46 
0.48 
0.47 
0.41 
0.50 
0.49 
0.49 
0.56 
0.57 
0.46 
0.45 
0.45 
0.45 
0.46 
0.43 
0.44 
0.51 
0.58 
0.50 

0.51 
0.01 


shorter  the  assumed  life  span,  the  greater  the  gap  between  cuiTent 
F  and  threshold  F — a  risk  prone  management  outeome. 

Natural  Mortality  Rate 

The  instantaneous  rate  of  natural  mortality  (M)  was  estimaled 
using  the  International  Council  for  the  Exploration  of  the  Sea 
(ICES)  convention;  that  is,  5%  survivorship  at  maximum  age  fol- 
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Figure  25.  Estimated  Chesapeake  Baywide  annual  exploitation  rate 
ifi)  on  the  peeler/soft  crab  component  of  the  stock  using  length-based 
estimates  of  instantaneous  fishing  mortality  rates  derived  from  the 
VIMS  trawl  (1956  to  1995)  and  Calvert  Chffs  pot  (1968  to  1995)  survey 
data. 


lowing  negative  exponential  depletion  (Anthony  1982,  Vetter 
1985).  Using  longevity  of  8  y,  M  on  Chesapeake  Bay  blue  crabs 
was  estimated  at  0.375. 

Growth 

Blue  crab  growth  (CW  at  age)  was  modeled  using  the  formu- 
lation of  von  Bertalanffy  ( 1938).  The  von  Bertalanffy  parameters 
were  estimated  using  the  FISHPARM  (Prager  1987)  fisheries  soft- 
ware system  (Fig.  29).  Input  data  included  maximum  age  of  8  y, 
and  the  current  upper  bound  estimates  of  the  size  groupings  for  age 
0  (0-59  mm),  age  I  (60-1 19  mm)  and  age  2  (120-79  mm).  Use  of 
presumptive  ages  based  on  size  groupings  was  required,  because 
age  data  for  blue  crabs  do  not  exist.  Estimates  of  sizes  for  age  3-7 
were  unspecified  in  the  model:  a  point  estimate  of  260  mm  was 
specified  for  age  8.  We  selected  260  mm  as  an  estimate  of  the 
mean  carapace  width  at  age  8  based  on  fact  that  260  mm  (10  1/4 
in)  was  the  largest  crab  caught  in  Maryland  that  could  be  verified. 
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Figure  26.  Estimated  Chesapeake  Baywide  annual  exploitation  rate 
(ji)  on  the  hard  crab  component  of  the  stock  using  length-based  esti- 
mates of  instantaneous  fishing  mortality  rates  deri\ed  fnmi  the  VIMS 
trawl  (1956  to  1995)  and  Calvert  Cliffs  pot  (1968  to  1995)  survey  data. 
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Figure  27.  E<<timated  Chesapeake  Baywide  instantaneous  total  mor- 
tality rate  (Z)  based  on  carapace  width  frequency  data  from  the  VIMS 
(1956  to  1995)  and  MDNR  (1968  to  1995)  trawl  surveys. 

The  capture  of  two  large  (195  mm)  peeler  (i.e.,  premolt)  crabs  in 
the  1987  CBL  study,  as  well  as  reported  254  mm  (10  in)  peeler 
crabs  in  the  Gulf  of  Mexico  blue  crab  stock  suggested  that  a 
maximum  observed  size  of  260  mm  was  reasonable  for  terminal 
age  of  the  virgin  stock.  Specifying  this  size  at  maximum  age 
effectively  constrained  the  von  Bertalanffy  model  at  its  asymptotic 
value  CW ,.  We  disregarded  many  anecdotal  reports  of  consider- 
ably larger  (300-1-  mm  CW)  blue  crabs  in  the  Gulf  of  Mexico  and 
the  New  England  regions.  We  recognize  that  the  continuous 
growth  model  of  von  Bertalanffy  does  not  strictly  reflect  incre- 
mental blue  crab  growth  that  occurs  via  molting.  We  fell  that  this 
model  was  largely  representative  of  mean  blue  crab  carapace  width 
at  age  and  sufficient  for  the  purpose  of  the  analysis.  The  von 
Bertalanffy  model  is  convenient,  because  estimates  of  K  and  CW^ 
needed  in  population  dynamic  modeling  are  emergent  properties. 
Sex-specit"ic  weight  at  carapace  width  was  determined  using 
the  function  presented  in  Rothschild  et  al.  ( 1992).  This  relationship 
was  based  on  a  1992  sample  of  5.000  crabs  of  each  .sex  collected 
throughout  the  Chesapeake  Bay  by  the  baywide  winter  dredge 
survey.  Because  YPR  considers  female  survival  and  growth  in 
weight,  the  Rothschild  et  al.  (1992)  female  weight  at  carapace 
width  function  was  used  to  estimate  age-specific  weight  (g)  as: 
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Figure  28.  Estimated  Chesapeake  Baywide  instantaneous  total  mor- 
tality rate  (Z)  based  on  carapace  width  frequency  data  from  the  Cal- 
vert Cliffs  (1968  to  19951  pot.  the  baywide  winter  dredge  ( 1990  to  1996) 
and  the  1987  CBL  pot.  trotline.  and  scrape  surveys. 


Mean  Age  of  Stock 


To  reconcile  the  overshelming  evidence  that  Chesapeake  Bay 
blue  crabs  live  considerably  longer  than  the  current  convention  of 
3  y.  a  simple  life  table  analysis  was  developed  using  our  finding  of 
longevity  of  8  y  for  two  stock  designations  under  varying  levels  of 
total  mortality  (Z).  For  each  age  (t)  1  through  8.  the  number  of 
individuals  surviving  to  the  start  of  age  t-l-1  (N,.^|)  was  derived  as: 


N,. 


(N,  ■  Pr,  •  e-'^'"'")  +  IN,  ■  (1-Pr,)  •  e""^'] 


(8) 


Our  specific  aim  was  to  evaluate  whether  the  modeled  mean  age 
and  size  of  blue  crabs  in  the  stock  was  consistent  with  cunent 
convention  and  perhaps  to  explain  the  evolution  of  conventional 
wisdom  that  blue  crabs  do  not  live  beyond  3  y  of  age. 

The  mean  age  of  a  theoretical  stock  and  obsen-ed  stock  were 
obtained  under  virgin  conditions  (F  =  0)  and  for  levels  of  Z  = 
0.8-1.5  (i.e..  F  =  0.425-1.125).  The  theoretical  stock  is  defined  as 
all  cohorts  age  0-8.  If  survey  and  or  fishery  data  exist  in  which  O-i- 
mm  blue  crabs  are  representatively  sampled.  Table  5  and  Figure  30 
provide  comparative  modeled  results  of  the  expected  mean  age  and 
mean  carapace  width  of  the  theoretical  stock  under  virgin  and 
contemporary  fishing  conditions.  Survey  and  fishery  data  in  which 
the  age  0  cohort  are  fully  represented  do  not  exist.  Consequently, 
we  defined  the  observed  stock  as  consisting  of  all  cohorts  age  1-8 
(i.e..  60-1-  mm  CW).  Blue  crabs  of  this  size  are  suffiently  large  to 
be  represented  in  both  research  survey  and  fishery  data,  hence  the 
term  obsen'ed.  Table  5  and  Figure  30  provide  the  expected  mean 
age  and  mean  carapace  width  of  the  observed  stock  under  virgin 
and  contemporary  fishing  conditions. 

Maturity  at  .Age 

Determination  of  female  maturity  at  age  in  blue  crabs  was 
based  on  percentage  maturity  at  size  ogives  presented  in  Roths- 
child et  al.  (1992).  weighted  by  the  percentage  at  carapace  width  in 
each  age  grouping.  Among  65.000  female  crabs  examined  in  1991 
to  1992.  Rothschild  et  al.  (1992)  found  few  mature  individuals 
under  than  100  mm  CW  and  essentially  no  immature  individuals 
over  than  140  mm  CW.  Therefore,  we  assumed  that  all  age  0  (0-59 
mm  CW)  female  blue  crabs  were  immature  and  that  all  crabs  180 
mm  CW  (age  3)  and  over  were  mature.  Determination  of  the 
percentage  mature  at  ages  1  (60-1 19  mm)  and  2  (120-79  mm)  was 
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TABLE  5. 

The  proportion  at  age  of  each  cohort  in  the  theoretical  stock  (age  O+l  and  the  observed  stock  (ages  1  +  )  under  virgin  conditions  (Z  =  0.375) 
and  varying  levels  of  instantaneous  total  mortality  (Z),  and  the  resultant  mean  age  of  the  theoretical  and  observed  stocks  for  each  level  of 

total  mortality. 


Theoretical  Stock 

Total  Mortality  (Z) 

0.375 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

Age 

Proportion  at 

Age 

0 

0.324 

0.438 

0.456 

0.470 

0.483 

0.494 

0.503 

0.512 

0.519 

1 

0.223 

0.291 

0.300 

0.308 

0.315 

0.320 

0.325 

0.329 

0.333 

2 

0.153 

0.148 

0.143 

0. 1 38 

0.133 

0.127 

0.122 

0.117 

0.113 

3 

0.105 

0.068 

0.060 

0.053 

0.047 

0.041 

0.036 

0.032 

0.028 

4 

0.072 

0.(B1 

0.024 

0.019 

0.015 

0.012 

0.010 

0.008 

0.006 

5 

0.050 

0.014 

0.010 

0.007 

0.005 

0.004 

0.003 

0.002 

0.001 

6 

0.034 

0.006 

0.004 

0.003 

0.002 

0.001 

0.001 

0.000 

0.000 

7 

0.023 

0.003 

0.002 

0.001 

0.001 

0.000 

0.000 

0.000 

0.000 

8 

0.016 

0.001 

0.001 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

Mean  age  (y) 

1.88 

1.05 

0.96 

0.88 

0.82 

0.78 

0.74 

0.70 

0.68 

Observed  Stock 


Total  Mortality  (Z) 

0.375 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

Age 

Proportion  at 

Age 

1 

0.329 

0.518 

0.552 

0.582 

0.609 

0.633 

0.655 

0.674 

0.691 

2 

0.226 

0.263 

0.263 

0.260 

0.257 

0.252 

0.246 

0.240 

0.234 

3 

0.155 

0.122 

0.111 

0.100 

0.090 

0.081 

0.072 

0.065 

0.058 

4 

0.107 

0.055 

0.045 

0.037 

0.030 

0.024 

0.020 

0.016 

0.013 

5 

0.073 

0.025 

0.018 

0.014 

0.010 

0.007 

0.005 

0.004 

0.003 

6 

0.050 

0.011 

0.007 

0.005 

0.003 

0.002 

0.001 

0.001 

0.001 

7 

0.035 

0.005 

0.003 

0.002 

0.001 

0.001 

0.000 

0.000 

0.000 

8 

0.024 

0.002 

0.001 

0.001 

0.000 

0.000 

0.000 

0.000 

0.000 

Mean  age  (y) 

2.78 

1.87 

1.76 

1.67 

1.59 

1.53 

1.48 

1.44 

1.40 

based  on  the  maturity  at  width  (Rothschild  et  al.  1992)  and  size 
composition  from  the  baywide  winter  dredge  survey  for  those 
years  (Rugolo  et  al.  1997).  The  approximate  fractions  of  mature 
age  I  and  age  2  female  crabs  were  estimated  at  10%  and  90%, 
respectively. 

In  an  effort  to  encompass  the  range  of  potential  female  maturity 
schedules,  four  maturity  at  age  profiles  were  developed  (Fig.  31 ). 
Although  we  refer  to  these  as  maturity  profiles,  they  more  accu- 
rately reflect  lifetime  spawning  activity.  Each  profile  contains  the 
same  initial  segment  for  ages  0-3,  which  represents  maturity  at 
age.  For  ages  4—8  y,  the  proportion  mature  reflects  spawning  be- 
havior, either  constant  with  age  after  3  y  (flat-topped)  or  declining 
with  age  because  of  senescence  (Dome- 1  through  Dome-3).  The 
latter  models  reflect  diminishing  reproductive  capacity  after  the 
first  year  of  spawning  as  a  result  of  the  theorized  one-time  mating 
event  upon  maturation. 

Rugolo  et  al.  (1997)  discussed  the  biological  implications  of 
this  range  of  maturity  profiles  and  their  influence  on  the  estimation 
of  biological  reference  points.  In  short,  the  assumption  of  lifetime 
spawning  potential  (flat-topped)  is  most  risk  averse  for  reference 
point  calculation;  however,  it  is  the  most  biologically  unrealistic, 
because  it  is  generally  accepted  that  female  blue  crab  reproductive 


capacity  diminishes  after  first  spawning.  In  contrast,  the  maturity 
schedule  designated  as  Dome-3  is  most  consistent  with  current 
understanding  of  blue  crab  reproductive  biology  and  also  most  risk 
prone  in  terms  of  estimating  threshold  fishing  mortality  rates.  We 
selected  Dome-2  for  subsequent  YPR  modeling.  This  choice  re- 
flected a  compromise  between  beliefs  that  female  blue  crabs  dem- 
onstrate sharply  declining  reproductive  capacity  with  age  and  our 
desire  to  be  risk  averse  in  the  estimation  of  biological  reference 
points  for  the  Chesapeake  Bay  stock. 

Biologic  Reference  Points 

Yield  per  Recruit  Analysis 

To  assess  stock  conditions  at  varying  levels  of  fishing  mortality 
(F)  and  to  estimate  biological  reference  points,  we  developed  a 
YPR  model  following  the  method  of  Thompson  and  Bell  (1934). 
For  each  level  of  F,  model  output  included  total  stock  and  spawn- 
ing stock  size  per  recruit  (weight  and  number),  and  percentage  of 
maximum  spawning  potential  (%MSP).  A  range  of  fishing  mor- 
tality rates  from  F  =  0-2.0  were  examined  in  each  model  run.  In 
all  model  formulations,  M  was  constant  with  age  at  0.375;  maxi- 
mum age  was  8  y.  Lacking  empirical  evidence  to  the  contrary,  the 
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Figure  30.  Mean  age  of  the  Chesapeake  Bay  population  of  blue  crabs 
under  virgin  conditions  (F  =  Ol  and  varying  levels  of  instantaneous 
total  mortality  (Z)  for  the  theoretical  stock  (ages  0+)  and  obsened  stock 
(ages  1+). 

mean  weight  of  the  stock  was  set  equal  to  that  in  the  harvest  and 
derived  from  the  von  Bertalanffy  mean  width  at  age  (Rugolo  et  al. 
1997)  and  width-weight  relationships  (Rothschild  et  al.  1992).  The 
age-specific  pattern  of  recruitment  to  fishing  mortality  was  esti- 
mated based  on  size-specific  selectivity  of  the  principal  harvest 
gears,  minimum  size  regulations,  and  the  relative  contnbution  of 
each  gear  to  the  baywide  landings  (Rugolo  et  al.  1997).  The  re- 
sulting PR  schedule  was  0.10.  0.75.  0.95.  and  1.0  for  ages  0.  1.  2. 
3-8.  respectively.  The  proportions  of  M  and  F  occurring  before 
spawning  were  set  to  0.75  and  0.635.  respectively  (Rugolo  et  al. 
1997). 

Four  YPR  model  configurations  were  developed,  one  for  each 
maturity  at  age  profile  providing  YPR.  spawning  stock  biomass 
per  recruit  (SSB/R).  %  MSP  values,  and  a  set  of  biological  refer- 
ence points.  Rugolo  et  al.  ( 1997)  present  the  results  of  each  model 
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Figure  31.  Maturity  at  age  (spawning  activity)  profiles  for  female 
Chesapeake  Bay  blue  crabs. 


run  and  discuss  the  consequences  on  reference  point  calculation  of 
the  four  maturity  profiles  and  longevity  4.  6.  and  8  y.  Here,  we 
present  only  the  results  of  the  most  biologically  reasonable  matu- 
rity schedule,  the  Dome-2  profile.  Estimates  of  threshold  fishing 
mortality  rates  Fq  ,,  ^mak-  ^"d  F%msp  (5-20%)  are  presented  in 
Figure  32. 

Spawning  Stock  Abundance  per  Recruit  Analysis 

Spawning  stock  abundance  per  recruit  (SSA/R)  output  from  the 
YPR  analysis  was  combined  with  S-R  data  to  estimate  Fhigh- 
Fmed-  'ifd  Flow  biological  reference  points.  When  S-R  data  are 
represented  in  numbers  of  spawning  stock  and  recruits,  the  slope  of 
a  line  drawn  from  the  origin  through  the  scatter  plot  provides  an 
inde.x  of  the  number  of  recruits  produced  from  a  given  number  of 
spawning  individuals.  The  slope  can  be  used  in  combination  with 
YPR  modeling  to  estimate  threshold  fishing  mortality  rates  FmoH. 

Fmed-  ^nd  Flow 

We  selected  the  historic  VIMS  trawl  survey  as  a  source  of 
recruit  and  spawner  metrics,  because  it  was  the  longest  time  series 
record  of  these  measures;  thereby,  providing  the  widest  potential 
range  of  recruit  and  spawner  values,  and  because  they  were  found 
to  provide  the  best  fit  to  the  Ricker  S-R  model  (Rugolo  et  al. 
1997).  The  VIMS  survey  index  of  recruits  (<60  mm  CW)  was 
plotted  against  the  index  of  female  spawning  stock  (3^130  mm 
CW)  for  this  analysis  (Fig.  33). 

The  median  line  bisects  the  field  of  points  and  is  considered  to 
represent  a  level  at  which  the  stock  is  likely  to  sustain  itself  (ICES 
1983).  Using  this  median  recurit-to-spawner  ratio  we  estimated 
pREp.  the  level  of  fishing  mortality  that  allows  the  stock  to  persist 
by  providing  sufficient  recruitment,  on  average,  to  replace  losses 
caused  by  all  sources  of  morality.  Fr^p  as  a  biological  reference 
point  implicitly  considers  the  vagaries  of  density-independent  ef- 
fects on  stock  stability.  Two  additional  lines  were  drawn  through 
the  field  of  S-R  points  so  that  either  25  or  75%  of  the  points  were 
above  the  line.  The  slopes  of  these  lines  reveal  Fh,gh  and  Flow 
threshold  mortality  rates,  respectively  (Fig.  33).  The  value  Fhigh 
is  generally  thought  to  be  too  high  for  a  stock  to  sustain  itself  in  the 
long  term,  especially  for  r-selected  species,  such  as  blue  crabs, 
because  only  25%  of  the  production  of  new  individuals  exceeds 
this  value  on  average.  The  value  Flow  is  a  risk  averse  reference 
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Figure  32.  Yield  per  recruit  and  percentage  maximum  spawning  po- 
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recruitment  index  for  years  1956  to  1995.  Biological  reference  points 
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value  that  would  theoretically  avoid  growth  and  recruitment  over- 
fishing. For  the  blue  crab.  Flow  was  found  to  be  less  than  F,, ,  and 
Fmax-  'hus  a  portion  of  the  potential  equilibrium  yield  would  be 
theoretically  lost  to  fisheries  operating  at  this  F.  Rugolo  et  al. 
(1997)  compare  SSA/R  modeling  results  for  all  four  maturity  at 


Gear  Saturation  Analysis 

In  this  analysis,  we  examined  the  essential  operational  elements 
of  the  Chesapeake  Bay  blue  crab  fisheries  from  1945  to  1995. 
Despite  a  near  fivefold  increase  in  total  directed  fishing  effort 
since  1945  (Fig.  13),  annual  exploitation  rate  (Fig.  25.  26)  has 
varied  without  trend.  This  dramatic  rise  in  effort,  coupled  with 
relatively  stable  harvest  (Fig.  14).  resulted  in  a  decline  in  baywide 
CPUE  since  1945  (Fig.  15).  Although  recent  estimates  of  F  dem- 
onstrate a  slightly  increasing  trend  (Table  4),  this  increase  is  within 
the  range  of  variability  in  these  values  since  1956.  Assuming  con- 
stant q  and  stock  size,  fishing  mortality  would  have  been  expected 
to  rise  since  the  mid-1950s  in  proportion  to  the  observed  rise  in 
effort.  Because  estimates  of  F  did  not  increase  in  proportion  to 
increases  in  effort,  the  indication  was  that  catchability  has  not 
remained  constant  since  the  mid-1950s. 

We  considered  that  the  assumption  of  constant  </  has  been 
violated  for  the  blue  crab  fishery  owing  largely  to  the  use  of  static 
capture  gear  as  the  primary  means  of  harvest  (Rugolo  et  al.,  this 
volume).  The  mechanisms  responsible  for  the  lack  of  proportion- 
ality between  F  and /have  not  previously  been  examined  for  the 
Chesapeake  Bay  blue  crab  fisheries.  Varying  catchability  for  sev- 
eral finfish  species  has  been  attributed  to  changes  in  stock  avail- 
ability, gear  selectivity,  gear  saturation,  and  changes  in  stock  abun- 
dance (Pope  and  Garrod  1975).  If  q  for  blue  crabs  declined  as 
commercial  fishing  effort  increased,  we  hypothesized  that  gear 
saturation  was  the  principal  cause,  because  the  alternatives  were 
either  unreasonable  or  counterindicated  by  this  assessment.  The 
use  of  static  gear  in  crustacean  fisheries  requires  the  target  organ- 
ism to  enter  the  gear  voluntarily,  which  is  in  contrast  to  the  capture 
strategy  of  such  mobile  gear  fishery  as  trawls  or  purse  seiners. 

We  examined  the  hypothesis  of  gear  saturation  in  the  Chesa- 
peake Bay  blue  crab  fishery  and  its  effects  on  catchability  and 


fishing  mortality.  Nominal  fishing  effort  and  estimates  of  historic 
fishing  mortality  rates  were  subject  to  the  analysis.  Annual  catch- 
ability coefficients  (q)  were  estimated  as  the  ratio  of  fishing  mor- 
tality to  effort: 

q  =  F//  (9) 

To  test  the  hypothesis  that  (/  is  inversely  related  to  nominal  fishing 
effort  (/),  the  value  of  q  was  related  to/by  a  log-log  regression  as: 

log(F//)  =  log  a  -I-  B  \og{f)  (10) 

In  the  absence  of  independent  estimates  of  catchability,  Eq.  (10) 
has  clear  statistical  problems,  because  fishing  effort  is  contained  in 
both  sides  of  the  equality.  For  this  reason,  we  further  examined  the 
hypothesis  of  nonconstant  q  by  a  simple  linear  regression  between 
fishing  mortality  (F)  and  effort  (f)  by: 

F  =  d  +  bf  (II) 

If  the  catchability  coefficient  (q)  is  constant,  the  slope  (b)  of 
Eq.  (11)  would  be  significantly  greater  than  zero  based  on  a  paired 
?-test  at  n-2  degrees  of  freedom.  This  outcome  would  indicate  that 
fishing  mortality  changes  proportionally  with  effor  at  the  rate  q. 
Conversely,  if  gear  saturation  is  operative,  the  slope  (b)  should 
either  not  differ  significantly  (p  <  .05)  from  zero  or  should  differ 
from  zero  in  a  negative  direction.  Either  of  these  two  latter  out- 
comes would  indicate  that  fishing  mortality  is  not  proportional  to 
effort  as  specified  in  Eq.  (9)  over  the  range  of  effort  values  ex- 
amined. 

Rugolo  et  al.  (1997)  also  test  the  hypothesis  of  nonproportion- 
ality  between  F  and  /  resulting  from  gear  saturation  in  the  New 
England  American  lobster  (Homeriis  americanus  Milne-Edwards) 
fisheries.  This  fishery  has  undergone  similar  historical  rises  in 
directed  fishing  effort  and  a  nonproportional  rise  in  fishing  mor- 
tality. The  results  of  the  log-log  regression  analysis  of  catchability 
(F//)  and  effort  (/)  in  which  q  is  derived  from  the  ratio  of  length- 
based  Fs  to  nominal  effort,  are  presented  in  Figures  34  and  35. 
Results  of  the  linear  regression  analysis  of  F  on  /  using  length- 
based  Fs  and  nominal  effort  are  presented  in  Figures  36  to  38. 

RESULTS  AND  DISCUSSION 

Adult  Stock 

To  gain  insight  into  and  to  gauge  the  status  of  the  adult  stock, 
fisheries-independent  time  series  data  on  relative  blue  crab  abun- 
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Figure  M.  Observed  log-log  regression  of  fishery  catchability  (q)  and 
total  baywide  nominal  fishing  effort  for  1956  to  1995.  (atchabilily  was 
estimated  from  the  ratio  of  \  IMS  trawl  survey  length-based  estimates 
of  instantaneous  fishing  mortality  (F)  and  nominal  effort  {J). 
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Figure  35.  Observed  log-log  regression  of  fishery  ciitchahiilty  (</)  and 
total  baywide  nominal  fishing  effort  for  1%8  to  1495.  C'atchabilily  nas 
estimated  from  the  ratio  of  Calvert  Cliffs  pot  survey  length-based 
estimates  of  instantaneous  fishing  mortality  (F)  and  nominal  effort  (f). 

dance  were  compiled.  Inspection  of  these  data  provided  an  initial, 
first-order  approximation  of  the  current  status  of  the  adult  stock 
and  evidence  of  the  change  in  that  status  over  the  last  four  decades. 
These  abundance  data  demonstrated  inherent  internal  variability 
over  the  long  term  and  suggested  that  the  baywide  adult  blue  crab 
stock  is  at  long-term  average  levels  of  abundance  measured  since 
1956. 

The  total  age  l-l-  inde.x  of  relative  abundance  from  the  baywide 
winter  dredge  survey  (1990  to  1996.  Fig.  1|  averaged  approxi- 
mately 5.5  crabs/ 1.000  m"  for  sexes  combined  with  a  standard 
error  of  the  mean  (se)  =  1.1.  Age  l-i-  CPUE  in  this  .survey  ranged 
from  a  low  of  3.7  in  1995  to  a  high  of  8.8  in  1991.  These  data 
revealed  a  slightly  declining  trend  in  age  \+  abundance  since  1990; 
however,  this  trend  was  not  dramatic  when  viewed  in  the  long 
term.  The  1996  age  1-t-  index  of  4.9  (sexes  combined)  was  not 
significantly  less  than  the  7  y  average  of  5.5  (p  <  .05).  Pronounced 
differences  between  age  l-i-  male  and  female  relative  abundance 
were  not  shown  by  these  data.  The  trend  in  age  2+  relative  stock 
abundance  for  sexes  combined  revealed  similar  results  (Fig.  2). 
From  1990  to  1996.  the  average  age  2+  abundance  for  male  and 
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Figure  37.  Observed  linear  regression  of  Instantaneous  fishing  mor- 
tality (F)  and  total  baywide  nominal  fishing  effort  (f)  for  1977  to  1995. 
Fishing  mortality  rate  iFl  was  derived  from  the  MDNR  trawl  survey 
length-based  estimates  of  instantaneous  total  mortality  (Z). 

female  combined  was  approximately  3.0  crabs/1,000  m",  ranging 
from  a  low  of  1.4  in  1995  to  a  high  of  5.3  in  1991.  The  1996  index 
of  3.0  was  at  the  long-term  average. 

The  MDNR  blue  crab  trawl  survey  provided  regional  indices  of 
relative  abundance  for  crabs  age  0  and  older.  Derivation  of  an 
internally  consistent  measure  of  CPUE  from  this  survey  was  prob- 
lematic, because  some  systems  and  or  months  were  not  sampled  in 
many  years.  Relative  abundance  of  male  and  female  age  1+  blue 
crabs  revealed  widely  fluctuating  le\els  during  1977  to  1995  (Fig. 
3).  Age  1-1-  CPUE  (mean  number/tow)  from  this  survey  steadily 
declined  from  1984  with  the  1995  value  for  male  (3.7)  and  female 
(3.7)  crabs  below  the  respective  long-term  averages  since  1977 
(7.0.  se  =  0.9  for  males,  and  8.4.  se  =  1.0  for  females).  Results 
of  this  survey  suggested  that  the  decade  of  1980  was  a  period  of 
relatively  high  blue  crab  abundance,  which  was  preceded  and  fol- 
lowed by  lower  age  l-i-  abundance.  The  average  male  (8.1.  se  = 
1.0)  and  female  (5.7.  se  =  0.7)  relative  abundance  from  1990  to 
i  995  did  not  differ  significantly  from  the  respective  means  during 
1977  to  1995. 
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Figure  36.  Observed  linear  regression  of  instantaneous  fishing  mor- 
tality (F)  and  total  baywide  nominal  fishing  effort  {f)  for  1956  to  1995. 
Fishing  mortality  rate  (F)  was  derived  from  the  VIMS  trawl  survey 
length-based  estimates  of  instantaneous  total  mortality  (Z). 
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Figure  38.  Observed  linear  regression  of  instantaneous  fishing  mor- 
tality (F)  and  total  baywide  nominal  fishing  effort  if)  for  1968  to  1995. 
Fishing  mortality  rate  (F)  was  derived  from  the  Calvert  Cliffs  pot 
survey  length-based  estimates  of  instantaneous  total  mortality  (Z). 
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During  1968  to  1995,  the  VIMS  trawl  survey  corrected  index  of 
relative  age  1+  abundance  (sexes  combined)  averaged  5.4  (se  = 
0.8)  and  ranged  from  a  low  of  0.4  in  1975  to  a  high  of  17.6  in  1990 
(Fig.  4).  Both  the  1990  age  1+  index  (5.5  and  the  1990  to  1995 
average  abundance  (6.8.  se  =  2.3)  lie  within  the  95%  confidence 
limits  (5.4-8.9)  on  the  1977  to  1995  mean.  Inspection  of  trends 
from  this  survey  also  suggest  that  the  decade  of  1980  was  a  period 
of  sustained  above  average  levels  of  age  1+  blue  crab  abundance. 

The  trends  in  age  1+  male  and  female  blue  crab  abundance 
measured  by  the  Calvert  Cliffs  peeler  pot  survey  revealed  similar 
patterns  of  abundance  to  those  of  other  fishery-independent  sur- 
veys (Fig.  5).  Relative  male  and  female  age  1+  CPUE  (mean 
number/pot)  averaged  2.9  (se  =  0.3)  and  3.1  (se  =  0.4)  respec- 
tively from  1968  to  1995,  ranging  from  a  low  of  0.6  (1968)  for 
males  and  0.3  ( 1968)  for  females,  to  a  high  of  8.6  in  1981  for  males 
and  10.4  in  1981  for  females.  The  1995  male  (1.9)  and  female  (1.6) 
age  \+  abundance  were  below  the  respective  lower  95%  confi- 
dence limit  (2.3  for  males  and  2.4  for  females)  on  the  long-term 
means  from  1968  to  1995.  This  survey  similarly  showed  that  the 
1980s  was  a  period  of  above  average  abundance  for  both  male  and 
female  age  l-l-  crabs.  Abbe  and  Stagg  (1996)  and  Rugolo  et  al. 
(1997)  found  that  the  trend  in  relative  blue  crab  abundance  from 
the  Calvert  Cliffs  survey  and  the  Maryland  blue  crab  commercial 
harvest  were  highly  correlated.  During  1968  to  1995,  the  Calvert 
Cliffs  age  1+  abundance  index  (sexes  combined)  was  correlated 
with  the  Maryland  pot  and  Maryland  total  harvest  (r^  =  0.72  and 
0.70,  respectively,  p  <  .0001 ),  and  with  the  Maryland  pot  CPUE  (r~ 
=  0.88,  p  <  .0001)  (Rugolo  et  al.,  this  volume).  The  change  in 
relative  abundance  in  the  exploitable  stock  measured  by  this  sur- 
vey was  found  to  account  for  the  majority  of  the  change  in  Mary- 
land commercial  yield  between  1968  to  1980  and  1981  to  1995 
(Rugolo  et  al.  1997). 

The  historic  Smith  Island  scrape  study  (1948  to  1972;  Fig.  6) 
and  the  Calvert  Cliffs  peeler  pot  survey  (1968  to  1995:  Fig.  5) 
provided  consistent  sampling  of  age  0+  and  age  l-l-  blue  crabs 
respectively.  For  the  5  years  in  which  both  surveys  were  conducted 
(1968  to  1972).  the  respective  indices  of  blue  crab  relative  abun- 
dance were  found  to  be  highly  correlated,  and  the  trend  in  age  I 
CPUE  from  the  Smith  Island  study  was  generally  representative  of 
the  pattern  of  commercial  blue  crab  harvest  in  these  years  (Rug- 
olog  et  al.  1997).  Based  on  reported  harvest,  relatively  low  stock 
abundance  was  suggested  during  1951  to  I960.  Exploitable  stock 
abundance  increased  steadily  from  1964  to  1995  with  the  notable 
exception  of  1968  (Fig.  6).  When  all  sources  of  data  are  consid- 
ered, such  as  reported  commercial  harvest  and  the  Calvert  Cliffs 
and  Smith  Island  surveys,  1968  represented  the  lowest  recorded 
blue  crab  stock  abundance  in  Maryland  since  1945.  Based  on  the 
strong  concordance  in  the  Calvert  Cliffs  age  1+  and  Smith  Island 
age  1  indices  during  1968  to  1972  (r"  =  0.96),  we  developed  an 
approximate  50  y  time  series  of  relative  abundance  by  merging 
age-specific  indices  according  to  the  derived  functional  relation- 
ship CC,.,  =  8.97^  X  SI,'-^'  (Rugolo  et  al.  1997).  In  this  ap- 
proach, we  chose  to  express  the  historical  Smith  Island  age  1  index 
in  the  currency  of  Calvert  Cliffs  age  l-i-  abundance,  because  the 
latter  study  is  on-going,  and  these  are  groupings  were  most  rep- 
resentatively sampled  by  the  respective  surveys.  The  combined 
Smith  Island  and  Calvert  Cliffs  survey  data  revealed  higher  rela- 
tive adult  stock  abundance  during  the  period  1981  to  1995  than 
during  1948  to  1980  (Fig.  7).  The  extended  data  series  suggested 
that  the  periods  between  1951  to  I960  and  1968  to  1980  were 


years  in  which  blue  crab  abundance  was  below  the  long-term 
average  from  1948  to  1995. 

Estimated  bay  wide  hard  crab  population  abundance  (Fig.  8) 
from  1956  to  1995  varied  widely,  with  the  decade  of  1980  seen  as 
a  relatively  above  average  period.  From  1956  to  1995,  the  mean 
population  abundance  was  approximately  385  x  10''  hard  crabs  (se 
=  17.3  X  10*").  The  1995  estimate  of  399  x  10*  crabs  was  above 
the  1956  to  1995  mean,  although  within  its  95%  confidence  limits. 
Considering  the  inherent  interannual  variability  expected  from  a 
species  such  as  blue  crabs,  and  variability  in  the  sampling  pro- 
grams, there  is  concordance  in  the  trends  of  relative  stock  abun- 
dance measured  by  the  five  fishery-independent  surveys.  These 
time  series  data  indicate  that  the  Chesapeake  Bay  adult  blue  crab 
stock  is  at  long-term  average  levels  of  abundance  measured  during 
1956  to  1995.  Trends  in  relative  stock  abundance  do  not  reveal  a 
contemporary  stock  demise,  as  anecdotal  information  suggested, 
or  a  systematic  long-term  decline  in  abundance.  The  decade  of  the 
1980s  was  consistently  a  period  of  above  average  stock  abundance, 
which  was  followed  by  a  return  to  long-term  average  levels.  Using 
the  derived  annual  exploitation  rate  estimates,  the  number  of  blue 
crabs  in  the  adult  baywide  population  is  at  or  slightly  above  the 
long-term  mean  estimated  since  1956. 

Juvenile  Recruitment 

Among  the  fishery-independent  surveys  examined  in  this  phase 
of  the  analysis,  the  baywide  winter  dredge  survey  and  the  Smith 
Island  scrape  study  for  age  0,  and  the  Calvert  Cliffs  peeler  pot 
survey  for  age  1  were  considered  to  provide  representative  mea- 
sures of  relative  juvenile  abundance.  The  baywide  winter  dredge 
survey  provides  the  broadest  geographic  coverage.  Limited  geo- 
graphic coverage  is  not  necessarily  fatal  for  the  purpose  of  inter- 
annual comparisons  of  trends  if  the  survey  sampling  protocol  is 
internally  consistent  among  years  and  if  the  survey  takes  a  repre- 
sentative sample  of  the  available  stock  each  year.  The  MDNR 
trawl  survey  age  0  relative  abundance  index  is  potentially  less 
reliable  than  that  from  the  other  surveys  because  of  the  temporal/ 
spatial  sampling  problems  noted,  and  age  0  crabs  are  not  fully 
recruited  to  the  gear. 

Results  from  the  baywide  winter  dredge  survey  revealed  that 
the  1996  age  0  abundance  index  of  12.0  was  the  highest  on  record 
for  sexes  combined  and  nearly  twice  that  of  the  next  highest  year 
(1990)  at  6.0  crabs/1.000  m^  (Fig.  9).  During  1990  to  1996,  juve- 
nile blue  crab  recruitment  from  this  survey  has  been  relatively 
constant.  Juvenile  recruitment  measured  by  the  MDNR  trawl  sur- 
vey (Fig.  10)  demonstrated  widely  varying  levels  of  year  class 
strength  between  1977  to  1995.  The  relative  abundance  of  male 
and  female  age  0  crabs  showed  a  generally  increasing  trend  from 
1987  to  1993  although  the  1995  index  was  one  of  the  lowest  on 
record.  Average  (1977  to  1995)  male  and  female  mean  number/ 
tow  were  2.8  (se  =  0.5)  and  3.4  (se  =  0.6),  respectively.  Two 
periods  of  average  to  above-average  juvenile  abundance  were 
seen,  the  first  in  the  inid- 1980s  and  the  second  during  the  late 
1980s  to  eariy  1990s.  During  1968  to  1995,  the  VIMS  con-ected 
age  0  blue  crab  abundance  index  for  sexes  combined  varied  with- 
out trend  and  ranged  from  a  low  of  0.5  in  1974  to  a  high  of  18.1 
in  1990  (Fig.  II).  Long-term  (1968  to  1995)  average  0  group 
relative  abundance  was  5.6  (se  =  0.8).  Although  the  1995  index  of 
4.5  was  approximately  20%  below  the  mean,  it  was  approximately 
15%  above  average  1968  to  1979  recruitment  of  3.9  (se  =  1.0)  and 
within  the  95%  confidence  limits  (4.0-7.2)  on  mean  1968  to  1995 
recruitment. 
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Juvenile  blue  crab  recruitment  (age  1)  measured  by  the  Calvert 
Cliffs  peeler  pot  survey  in  1968  to  1993  was  fairly  consistent 
throughout  the  time  series,  with  a  period  of  high  abundance  in  the 
mid-1980s  (Fig.  12).  Relative  male  and  female  age  1+  mean  num- 
ber/pot averaged  0.7  (se  =  0.1)  and  0.4  (se  =  0.1),  respectively, 
from  1968  to  1993  and  ranged  from  a  low  of  0.07  ( 1968)  for  males 
and  0.02  ( 1968)  for  females  to  a  high  of  2.9  in  1981  for  males  and 
1.6  in  1981  for  females.  These  data  suggested  a  slightly  increasing 
trend  in  male  and  female  recruitment  to  the  stock,  with  the  1993 
male  (0.9)  and  female  (0.4)  relative  abundances  at  20.5%  above 
and  18.6%  below  the  respective  long-term  means.  Relative  abun- 
dance of  age  0  blue  crabs  for  se.xes  combined  measured  by  the 
Smith  Island  scrape  study  varied  without  trend  during  the  23-y 
period  (Fig.  6).  Juvenile  recruitment  peaked  in  1950  and  declined 
to  relatively  constant  levels  thereafter,  with  the  exception  of  1968. 
As  shown  in  the  Cahert  Cliffs  sur\'ey.  1968  represented  the  lowest 
juvenile  abundance  recorded  in  Maryland  since  1948.  Estimates  of 
absolute  peeler/soft  crab  abundance  varied  without  trend  during 
1956  to  1995  and  suggested  that  1995  recruitment  (39.2  x  10*" 
crabs)  was  above  the  long-term  mean  of  35.8  x  lO''  crabs  (se  =  2.7 
X  10'')  (Fig.  8).  Caution  is  urged  in  interpreting  these  results  in  that 
the  baywide  peeler/soft  crab  harvest,  upon  which  these  estimates 
are  derived,  is  not  as  well  reported  as  hard  crab  harvest.  If  internal 
biases  in  these  data  are  random  and  not  systematic  or  directional, 
these  stock  size  estimates  can  provide  a  basis  for  interannual  com- 
parisons. 

Overall,  the  historic  juvenile  recruitment  signal  was  noisy  in 
the  long-term,  as  expected,  considering  the  unique  population  dy- 
namics of  the  species  and  the  role  of  density-independent  effects 
on  recruitment  success.  Current  production  of  new  individuals  and 
their  recruitment  to  the  stock  can  be  considered  to  be  at  long-term 
average  levels  for  the  last  four  decades.  Trends  in  these  data  do  not 
provide  compelling  evidence  of  a  failure  in  juvenile  recruitment, 
which  was  suggested  prior  to  initiating  this  research. 

Fishery  Yield  and  Catch  per  Unit  Effort 

Historic  commercial  time  series  data  from  the  principal  bay- 
wide  fisheries  were  examined  in  this  phase  of  the  study.  Based  on 
recent  time  series  of  harvest  and  effort  data.  Maryland  pot  and 
trotline  CPUE  has  remained  fairly  stable  over  the  14-y  time  period 
(1982  to  1995),  and  no  evidence  of  a  decline  in  pert'ormance  of 
these  fisheries  was  observed  (Fig.  16).  Mean  CPUE  (kg/pot/ 
month)  for  the  pot  fishery  increased  from  10.5-19.1  from  1982  to 
1984  and  declined  to  10.5  in  1994.  Trotline  CPUE  (mean  kg/ 
trotline-h/mo)  increased  between  1982  to  1985  from  9.5-15.9  and 
remained  fairly  constant  thereafter.  The  total  yield  of  Chesapeake 
Baywide  commercial  fisheries  has  varied  without  trend  since  1945 
(Fig.  14).  Baywide  harvest  since  1945  seemed  to  cycle  around  the 
long-term  mean,  with  peaks  in  1950,  1966.  1981,  and  1993  and 
troughs  in  the  mid  to  late  1950s  and  late  1970s  to  early  1980s. 
Baywide  data  from  1945  to  1995  suggest  an  approximate  fivefold 
increase  in  total  nominal  directed  effort  (Fig.  13).  The  fact  that 
baywide  harvest  has  remained  relatively  stable  since  1945,  coupled 
with  a  dramatic  rise  in  fishing  effort,  was  reflected  in  decreasing 
CPUE  in  the  baywide  fishery  (Fig.  15).  Baywide  commercial 
CPUE  declined  rapidly  from  1947  to  1967  and  has  been  slightly 
noisy  and  without  trend  since  the  late  1960s.  These  data  indicate 
that  the  Chesapeake  Bay  blue  crab  fishery  experienced  hyper- 
depletion  in  which  relatively  constant  harvest  is  obtained  despite 
increasing  levels  of  directed  effort  (Rugolo  et  al.  1997).  In  their 


study,  Rugolo  et  al.  (1997)  examined  hyperdepletion  in  the  fish- 
eries for  C.  sapidiis  and  H.  omericanus.  We  provide  here  evidence 
that  coincident  with  the  rise  in  fishing  effort  for  the  baywide  fish- 
ery, there  was  a  decline  in  q  because  of  gear  saturation. 

From  1981  to  1995.  the  Maryland  commercial  harvest  data 
(Table  2)  suggested  a  period  of  increased  yield.  The  baywide 
commercial  landings  (Fig.  14)  also  revealed  increased  yield  com- 
mencing in  the  decade  of  1980;  although  their  magnitude  was  not 
excessive  when  viewed  in  the  long-term  context,  especially  com- 
pared to  the  yields  of  the  mid-1960s.  Cursory  examination  of  these 
harvest  data  suggested  that  the  increase  in  yield  in  the  1980s  was 
an  artifact  of  a  coincident  reporting  system  change  in  Maryland  in 
1981.  Rugolo  et  al.  (this  volume)  provided  evidence  that  the  in- 
crease in  yield  to  the  Maryland  fisheries  after  1980  resulted  from 
an  increase  in  underiying  stock  abundance.  They  examined  two 
measures  of  blue  crab  abundance  that  were  independent  of  the 
Maryland  harvest  data  or  the  reporting  system  change;  namely,  the 
Calvert  Cliffs  age  \+  stock  abundance  index  and  the  Potomac 
River  harvest  and  effort  time  series  data.  Commercial  blue  crab 
harvest  from  the  Potomac  River  (Fig.  17)  demonstrated  increases 
in  yield  after  1980  analogous  to  those  seen  in  Maryland  landings 
without  a  change  in  the  Potomac  River  reporting  system.  The  mean 
percentage  change  in  the  Potomac  River  blue  crab  harvest  pre- 
1981  versus  1981  and  later  accounted  for  all  the  percentage  change 
in  the  Maryland  reported  harvest  between  these  periods  (Rugolo  et 
al.,  this  volume).  Second,  the  change  in  relative  abundance  in  the 
exploitable  stock  (age  l-i-)  measured  by  the  Calvert  Cliffs  pot 
survey  (Fig.  5)  accounted  for  96%  of  the  percentage  change  in 
Maryland  commercial  yield  before  and  after  the  change  in  report- 
ing system.  The  trends  in  abundance  between  the  Calvert  Cliffs 
survey  data  and  the  Maryland  commercial  harvest  have  been 
shown  to  be  highly  correlated  (Abbe  and  Stagg  1996,  Rugolo  et  al. 
1997,  Rugolo  et  al..  this  volume),  and  it  seems  that  these  data  are 
internally  consistent.  The  relative  abundance  of  age  1+  blue  crabs 
measured  by  the  MDNR  trawl  survey  (Fig.  3)  and  the  VIMS  trawl 
survey  (Fig.  4)  also  suggested  increased  abundance  in  the  exploit- 
able stock  in  the  1980s.  These  measures  of  blue  crab  stock  abun- 
dance, which  were  independent  of  the  Maryland  harvest  data,  pro- 
vided clear  and  compelling  evidence  that  the  increase  in  yield  to 
the  Maryland  fisheries  after  1980  resulted  from  an  increase  in  the 
underlying  abundance  of  the  stock  targeted  by  the  fisheries  at  a 
near  constant  rate  of  exploitation. 

Surplus  Production 

Schaefer  (1954)  and  Fox  (1970)  surplus  production  models 
were  tit  to  commercial  blue  crab  harvest  and  total  directed  nominal 
effort  data  (Table  2)  for  the  purpose  of  estimating  maximum  sus- 
tainable yield  (MSY)  for  the  baywide  commercial  fisheries.  Nomi- 
nal baywide  directed  effort  showed  a  general  upward  trend,  re- 
flecting increased  interest  in  the  blue  crab  fi.shery  during  the  last  50 
y  (Fig.  13).  Changes  in  reporting  methods  and  difficulties  posed  by 
the  absence  of  gear-specific  efficiency  measures  increase  the  un- 
certainty in  these  effort  data;  however,  they  are  consistently  de- 
rived and  are  believed  to  reflect  the  general  trends  in  the  fishery 
over  time.  Estimates  of  equilibrium  yield  derived  from  the 
Schaefer  and  Fox  surplus  production  models  were  similar.  Esti- 
mated MSY  from  the  Schaefer  model  was  38.5  x  10"  kg  (B.^q  = 
0.67,  B-,q/k  =  5.7  x  10^,  r  =  0.02;  where  B.^  =  _  and  K  =  _) 
while  that  from  the  Fox  model  was  37.2  x  10"  kg  (B^q  =  0.88,  q 
=  8.2  X  10-^  K  =  4.6  X  10\  r^  =  0.17;  where  K  =  _)  (Fig.  18, 
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19).  These  MSY  results  were  somewhat  higher  than  Tang's  ( 1983) 
estimate,  reflecting  increases  in  harvest  and  effort  in  the  baywide 
commercial  fisheries  since  his  wori<  was  completed. 

Both  surplus  production  model  fits  were  poor,  in  part  because 
historical  fishing  effort  has  not  sufficiently  eroded  stock  biomass, 
an  outcome  requisite  to  good  fit  to  these  model  forms.  These 
results  provided  some  insight,  nonetheless,  into  the  dynamics  of 
the  commercial  fisheries  and  suggested  that  baywide  commercial 
MSY  is  37-38.5  x  lO*"  kg.  These  values  of  commercial  yield  were 
approximated  or  exceeded  in  the  mid-1960s  and  largely  exceeded 
after  1980.  The  1995  baywide  commercial  yield  of  33.5  x  10"  kg 
was  slightly  below  equilibrium  yield. 

Stuck-Recriiilment 

We  fit  the  Ricker  (1954)  stock-recruitment  model  to  six  adult 
stock  and  seven  recruit  metrics  for  Chesapeake  Bay  blue  crab. 
Results  of  this  analysis  demonstrated  weak  or  no  relationships 
between  adult  stock  and  subsequent  recruitment.  The  various  S-R 
models  revealed  low  reliability  of  fit  and  questionable  utility  for 
predicting  recruitment  success  at  specified  levels  of  spawning 
stock  biomass.  The  two  best  model  fits  resulted  from  the  combi- 
nation of  the  VIMS  trawl  survey  female  spawning  stock  index 
(&130  mm  CW)  in  year  t  versus  the  VIMS  survey  age  0  index  in 
year  t  -l-  I  (r^  =  0.27)  (Fig.  20)  and  the  MDNR  trawl  survey  age 
0  index  in  year  t  -l-  I  (r-  =  0.21)  (Fig.  21).  Examination  of  the 
VIMS  and  MDNR  trawl  survey  indices  of  abundance  revealed 
higher  correlations  among  age  classes  within  year  than  for  a  year 
class  between  years  (Rugolo  et  al.  1997).  Thus,  resulting  indices  of 
abundance  from  these  surveys  in  any  year  might  be  influenced  by 
availability  to  the  gear  as  well  as  by  the  underlying  abundance  of 
the  stock.  Density-independent  effects  with  potential  influence  on 
blue  crab  recruitment  success  were  examined  for  their  contribution 
to  model  variability.  A  method  described  in  Tang  ( 1985)  was  used 
to  incorporate  environmental  measures  that  correlate  with  recruit- 
ment into  the  Ricker  S-R  model.  We  examined  measures  of  bot- 
tom water  temperature,  salinity  and  dissolved  oxygen,  and  cumu- 
lative river  flow  from  the  Susquehanna  River  through  the  mouth  of 
the  Chesapeake  Bay.  Tang  (1985)  was  able  to  improve  the  fit  of  his 
model  of  winter  dredge  fishery  landings  in  year  t  (stock)  against 
Virginia  commercial  landings  in  year  t  -i-  I  (recruits)  from  r"  = 
0.34  to  0.69  by  incorporating  radiant  energy,  stream  flow,  and 
minimum  and  average  water  temperatures.  We  found  that  the  en- 
vironmental factors  that  correlated  with  the  two  recruit  metrics 
were  not  significantly  coixelated  with  the  density-independent  pa- 
rameter (a)  of  the  Ricker  model  through  multiple  regression  analy- 
sis (VIMS  age  0,  p  =  .7;  MDNR  age  0,  p  =  .8).  We  are  further 
analyzing  density-independent  effects  that  we  consider  to  be  more 
influential  on  blue  crab  early  life  history  survival  or  recruitment  to 
the  stock.  These  effects  include  wind  vectors  that  govern  blue  crab 
larval  transport,  radiant  energy  that  may  increase  productivity,  and 
therefore  minimize  the  match-mismatch  between  larval/juvenile 
crabs  and  their  prey,  and  surface  temperature  that  should  influence 
early  life  stages  more  than  bottom  conditions. 

Exploitation  Rates 

We  developed  a  measure  of  relative  exploitation  rate  ((Xki  i  • 
and  estimated  absolute  exploitation  rate  (jj-abs)  °"  the  peeler/sofi 
crab  and  hard  crab  components  of  the  stock.  Relative  exploitation 
rate  assesses  the  time  series  trend  in  exploitation;  whereas,  abso- 
lute exploitation  rate  is  the  fraction  of  the  stock  removed  by  the 


fishery  each  year.  Relative  exploitation  rate  (jIrp,  ,  calculated  using 
the  Calvert  Cliffs  age  l-l-  and  age  2-i-  indices  as  measures  of  stock 
biomass.  varied  without  trend  since  1968  (Fig.  22).  These  results 
suggested  that  exploitation  decreased  slightly  from  the  late  1960s 
through  the  mid-1980s.  Subsequently.  (jUr^l  increased,  but  not  to 
unprecedented  levels;  higher  jjLkei  occun'ed  in  1970  and  1987. 
Relative  exploitation  rate  based  on  the  VIMS  trawl  survey  age  l-i- 
and  age  2+  abundance  indices  did  not  seem  to  have  changed  sig- 
nificantly during  1968  to  1995  (Fig.  23).  The  1968  and  1974  (age 
1-I-)  and  the  1975  (age  2-I-)  |jIrel  values  were  comparatively  high, 
which  artificially  dampened  variability  in  |jlre,  in  the  remaining 
years.  These  data  suggested  that  a  slight  rise  in  fXR^L  occurred  in 
1993  to  1994;  in  1995  exploitation  returned  to  previous  levels. 
Using  the  MDNR  commercial  harvest  and  the  Calvert  Cliffs  age 
1-1-  and  age  2-H  CPUE  data.  jXp,,.,  in  the  Maryland  fisheries  seemed 
to  have  risen  since  the  mid-1980s,  as  compared  to  the  1970s  (Fig. 
24).  Relative  exploitation  was  slightly  higher  in  recent  years  fol- 
lowed by  a  decline  in  1995.  We  recognize  that  (jLrel  based  on  an 
index  of  exploitable  stock  biomass  might  be  less  robust  than  the 
direct  enumeration  of  fishing  mortality  rates.  Although  simplistic, 
this  analysis  provided  no  definitive  evidence  of  an  unprecedented 
rise  in  exploitation  rate  on  the  Chesapeake  Bay  blue  crab  stock  in 
recent  years. 

Absolute  exploitation  rates  were  estimated  on  the  peeler/soft 
crab  and  hard  crab  components  of  the  stock  for  years  1956  to  1995 
using  the  length-based  estimates  of  total  mortality  (Z)  and  the 
partial  recruitment  of  each  stock  component  to  the  fully  recruited 
rate  of  fishing  mortality  (F)  (Table  4).  For  the  peeler/soft  crab 
stock  (primarily  age  I  crabs).  p,,\,5s  ranged  from  a  low  of  0.33  in 
1980  to  a  high  of  0.50  in  1973  based  on  the  VIMS  survey  (1956 
to  1995)  (Fig.  25).  Mean  iji^bs  for  these  data  was  0.42  (se  = 
0.006).  Using  the  Calvert  Cliffs  survey  data  (1968  to  1995).  ix.^b, 
on  this  stock  component  ranged  from  0.27  (1968)  to  0.48  (1994). 
with  a  mean  (jl^bs  =  0.38  (se  =  0.01)  (Fig.  25).  Annual  exploi- 
tation rates  on  the  baywide  peeler/soft  crab  stock  were  noisy  over 
the  long-term,  with  the  majority  of  (JLabs  values  falling  between 
0.35-0.45.  No  marked  increase  in  |j..\b<^  was  evident  in  these  data, 
which  would  indicate  over  exploitation  of  the  stock.  Current  |j.,\bs 
was  below  the  threshold  exploitation  rate  of  0.46  for  the  peeler/soft 
crab. 

For  the  hard  crab  stock  (primarily  age  2+).  (J-^bs  ranged  from 
a  low  of  0.4 1  in  1 980  to  a  high  of  0.59  in  1 973  based  on  the  VIMS 
survey  (Fig.  26).  Mean  (x^bs  for  these  years  was  0.51  (se  = 
0.007).  Using  the  Calvert  Cliffs  survey  data,  exploitation  rates  on 
the  hard  crab  stock  ranged  between  0.34  (1968)  and  0.58  (1994), 
with  a  mean  (jl^bs  =  0.41  (se  =  0.01)  (Fig.  26).  The  annual  rate 
of  exploitation  experienced  by  the  hard  crab  stock  was  similarly 
noisy  in  the  long  term,  w  ith  the  majority  of  values  falling  between 
0.40-0,50.  As  seen  for  the  peeler/soft  crab  stock,  |JIabs  increased 
slightly  between  1991  to  1994  and  declined  in  1995  toward  aver- 
age levels.  No  recent  increase  in  (ji.^bs  'hat  would  indicate  over- 
exploitation  of  the  hard  crab  stock  was  observed.  Both  current  and 
historical  m-abs  fall  below  the  threshold  p-abs  of  0.61  for  the  hard 
crab  stock. 

Total  and  Fishing  Mortality  Rates 

Instantaneous  rates  of  total  (Z)  and  fishing  mortality  (F)  were 
estiinated  for  years  1956  to  1995  using  length-based  analysis 
(Table  4).  The  time  series  Z  estimates  from  the  Calvert  Cliffs, 
VIMS,  and  MDNR  fishery-independent  surveys  demonstrated  no 
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significant  increasing  trends  since  1956,  which  would  imply  a 
recent  increase  in  fishing  moilality  on  the  stocl;  (Fig.  27.  28). 
Within  the  range  of  variability  in  the  Calvert  Cliffs  and  baywide 
winter  dredge  survey  estimates  of  Z.  marginal  increases  in  total 
mortality  were  observed  for  1 990  to  1 994,  followed  by  a  decline  in 
1995.  Using  Calvert  Cliffs  research  survey  data,  the  time  series  of 
total  morality  was  observed  to  be  slightly  noisy  and  cyclic  from 
1968  to  1995.  All  estimates  of  Z  were  less  than  1 .50;  no  increasing 
trend  in  total  mortality  was  observed.  Ba.sed  on  the  baywide  winter 
dredge  survey  data,  a  slight  increasing  trend  in  Z  was  detected 
from  1992  to  1995.  followed  by  a  decline  to  more  average  levels 
in  1996.  All  winter  dredge  survey-based  estimates  of  Z  were  less 
than  1.40.  For  the  VIMS  trawl  series  data,  a  slight  rise  in  Z  was 
observed  after  1991,  followed  by  a  decline  in  1995  to  average 
levels.  The  recent  highest  Z  from  these  data  was  in  1994  at  1.45. 
with  7  other  years  higher  than  this  value  since  1956.  All  VIMS 
survey-based  estimates  of  Z  were  less  than  1.55.  Using  length  data 
from  the  MDNR  trawl  survey  (1977  to  1995),  the  resulting  time 
series  of  Z  was  essentially  flat  and  trendless.  All  estimates  of  Z 
from  this  survey  were  less  than  1 .40.  Length  frequency  data  from 
the  1987  CBL  study  showed  that  Z  was  less  than  1.20. 

Fishing  mortality  rates  derived  from  the  length-based  analysis 
demonstrated  no  significant  directional  trends  over  the  period  of 
record  ( 1956  to  1995)  (Table  4).  Any  short-term  rise  in  F  was  not 
to  unprecedented  levels  nor  would  be  considered  excessive  for  the 
stock.  On  average,  the  time  series  of  annual  fishing  mortality  rates 
was  slightly  noisy,  varying  within  a  narrow  range  in  the  long  term, 
principally  between  0.8-1.0.  Absolute  values  of  F  during  1956  to 
1995  ranged  from  0.50-1.16.  corresponding  to  annual  exploitation 
rates  of  approximately  33  and  59%.  respectively.  All  recent  and 
current  F  were  less  than  the  threshold  fishing  mortality  rate  (Fmrf ) 
deemed  appropriate  for  this  species.  No  evidence  of  overexploita- 
tion,  specifically  recruitment  overfishing,  has  occurred.  Current  F 
is  above  that  which  would  maximize  YPR. 

Life  History  Characteristics 

Longevity  for  Chesapeake  Bay  blue  crabs  was  estimated  at  8  y 
and  used  in  the  modeling  of  growth,  YPR,  and  life-table  analysis 
of  the  mean  age  of  the  stock.  Results  of  tagging  studies  conducted 
in  Albemarle  Sound,  North  Carolina  (Fishier  1965).  and  in  the 
Chesapeake  Bay  (McConaugha  1991)  provided  clear  and  compel- 
ling evidence  that  blue  crabs  attain  an  age  of  at  least  6  y  or  7.5-8 
y.  respectively,  in  the  exploited  stock.  This  finding  sharply  con- 
trasted with  current  convention  that  blue  crabs  live  a  maximum  of 
3  y.  even  in  the  absence  of  fishing.  The  choice  of  the  theoretical 
maximum  age  of  8  y  was  risk  averse  in  terms  of  estimating  natural 
mortality  and  threshold  fishing  mortality  rates  (Rugolo  et  al. 
1997).  The  age  invariant  instananeous  rate  of  natural  mortality  (M) 
was  0.375. 

Blue  crab  growth  in  carapace  width  at  age  was  modeled  using 
the  formulation  of  von  Bertalanffy  (1938).  The  von  Bertalanffy 
model  parameters  for  both  sexes  combined  were  CW.^  =  262.5 
mm.  K  =  0.59  and  t„  =  0.0115  y  (Fig,  29).  Because  age  deter- 
mination in  blue  crabs  is  not  possible,  we  used  modal  carapace 
width  size  groups  of  0-59  mm,  60-1 19  mm,  and  120-79  mm  to 
bound  presumptive  ages  0.  1.  and  2.  respectively.  Carapace  widths 
at  age  3-7  were  unspecified  in  the  model;  a  point  estimate  for 
terminal  width  was  set  to  260  mm.  Because  the  fitting  procedure 
did  not  consider  the  distribution  of  width  at  age  or  width  for  ages 
3-7,  the  precision  of  the  model  fit  (r^  =  0.99)  was  artificial. 


A  simple  life  table  was  developed  to  examine  the  impact  of  our 
finding  of  longevity  of  8  y  on  the  mean  age  and  mean  crab  size  in 
the  slock  under  virgin  conditions  (F  =  0)  and  for  varying  levels  of 
fishing  mortality  (F).  Our  aim  was  principally  to  assess  whether 
the  modeled  mean  age  and  carapace  width  of  the  stock  was  con- 
sistent with  the  current  convention  that  blue  crab  do  not  live  longer 
than  3  y.  The  mean  age  of  the  theoretical  stock,  defined  as  all  ages 
0-8.  was  estimated  under  F  =  0  and  for  levels  of  Z  =  0.8-1.5 
(Table  5;  Fig.  30).  Under  virgin  conditions,  the  expected  mean  age 
of  the  theorectical  stock  would  be  1 .9  y  with  a  corresponding  mean 
CW  of  179  mm.  At  levels  of  Z  that  exist  in  the  contemporary  blue 
crab  fishery  (Z  =  1.3).  the  mean  age  of  the  theoretical  stock  would 
be  approximately  0.7  y  (87  mm  CW).  Comparison  of  these  results 
is  only  meaningful  against  empirical  data  for  which  all  sizes  are 
fully  represented.  Because  the  age  0  cohort  is  characteristically  not 
fully  sampled  by  either  the  fishery  or  research  surveys,  we  derived 
an  alternative  construct  called  the  obseiyed  stock,  consisting  of  all 
ages  1-8  (i.e..  &60  mm  CW).  Blue  crabs  of  this  size  are  suffi- 
ciently large  to  be  sampled  by  the  fishery  and  research  survey  gear. 
Under  virgin  conditions,  the  expected  mean  age  of  the  observed 
stock  would  be  2.8  y  with  a  corresponding  mean  size  of  [211 
mm?????]  CW  (Table  5;  Fig.  30).  Under  approximate  current  Z  = 
1.3.  the  expected  mean  age  of  the  stock  is  1.5  y  (153  mm 
CW?????). 

This  analysis  indicated  that  at  levels  of  total  mortality  seen  in 
the  baywide  blue  crab  fishery  during  the  last  four  decades.  97.3% 
of  all  blue  crabs  in  the  observed  stock  and  98.6%  of  all  crabs  in  the 
theoretical  stock  would  be  3  y  of  age  or  less.  The  probability, 
therefore,  of  encountering  a  blue  crab  older  than  3  y  under  con- 
temporary fishing  conditions  is  exceedingly  small.  These  results 
are  consistent  with  the  view  that  blue  crabs  older  than  3  y  are 
rarely  captured  in  the  fishery  or  by  research  surveys,  notwithstand- 
ing the  fact  that  they  cannot  be  aged.  This  would  explain,  or  at 
least  allow  for  the  evolution  of  conventional  wisdom  that  blue 
crabs  do  not  live  beyond  3  years  of  age.  Our  finding  of  longevity 
of  8  y  for  the  Chesapeake  Bay  blue  crab  is  not  contradictory  to  the 
observed  age  or  size  structure  of  the  stock.  This  life  table  analysis 
sufficiently  reconciled  the  apparent  disparity  between  conven- 
tional wisdom  and  the  life-history  characteristics  adopted  in  this 
slock  assessment. 

Biologic  Reference  Points 

Threshold  fishing  mortality  rates  for  the  blue  crab  were  esti- 
mated using  yield  per  recruit  and  spawning  stock  abundance  per 
recruit  analysis.  Thompson's  and  Belfs  (1934)  YPR  analysis  using 
life  history  parameters  derived  in  this  work  provided  the  frame- 
work upon  which  to  base  a  determination  of  the  current  stock 
status  and  fishery  performance.  Biologic  reference  points  associ- 
ated with  providing  adequate  spawners  to  maintian  the  reproduc- 
tive potential  of  the  stock  and  to  prevent  recruitment  overfishing 
were  emphasized.  These  included  a  series  of  Fs.  which  resulted  in 
a  fixed  ^f  MSP  ranging  from  5-20%.  encompassing  levels  suitable 
for  this  species.  The  threshold  value  of  Fn,,,;  was  selected  for  blue 
crabs  based  on  biology  and  life  history  considerations.  This  as- 
sumption results  in  risk  averse  threshold  levels  of  F:  if  blue  crab 
life  span  is  shorter,  the  %MSP  needed  to  replenish  the  stock  is 
lower,  and  the  resulting  threshold  F  would  be  significantly  higher. 
Other  factors  were  also  considered  in  establishing  threshold  fish- 
ing mortality  rates.  The  values  of  ^mw  ^"d  Fq  ,  were  calculated 
to  provide  reference  points  associated  with  maximizing  YPR 
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rather  than  maintaining  reproductive  capacity.  These  reference 
points  are  considerably  lower  than  those  which  maintain  10%  of 
MSP  and  are  generally  associated  with  defining  growth  overfish- 
ing. 

Data  input  to  the  YPR  analysis  included  the  distributions  of 
length  and  weight  at  age,  terminal  length  and  age,  schedules  of 
maturity  and  partial  recruitment,  and  natural  mortality  rate.  Four 
maturity  profiles  were  used  in  the  analysis.  These  ranged  from  the 
most  risk  averse  and  biologically  unrealistic  schedule  of  lifetime 
spawning  activity  (flat-topped)  to  one  that  more  closely  reflects  the 
current  convention  (Dome-3;  Fig.  3 1 ).  The  latter  was  the  most  risk 
prone  schedule  considered.  An  intermediate  spawning  activity 
schedule  was  selected  for  the  analysis  (Dome-2).  which  is  notably 
more  risk  averse  than  Dome-3.  although  slightly  more  risk  prone 
than  the  flat-topped  schedule. 


Results  of  YPR  modeling  found  that  Fn 


0.36  and  F^ 


0.64:  whereas,  that  which  provides  for  10%  of  MSP  (F„„)  is  1.21 
(Fig.  32).  This  latter  value,  corresponding  to  an  annual  exploitation 
rate  of  approximately  61%,  was  judged  to  be  a  valid  threshold 
fishing  mortality  rate  for  the  blue  crab  stock  in  comparison  to  other 
resources  with  similar  life  history  characteristics.  This  decision 
was  substantiated  by  results  of  a  spawning  stock  abundance  per 
recruit  analysis  (SSA/R)  that  estimated  a  replacement  fishing  mor- 
tality rate  (Ff,pp)  equal  to  1.17  (Fig.  33).  Other  SSA/R  reference 
points  were  Fhi^h  =  1.76,  suggestive  of  a  level  of  fishing  which 
could  lead  to  stock  collapse  if  maintained,  and  Flow  ~  O"^*^ 
which  is  similar  in  magnitude  to  F^, , . 

The  fishing  mortality  rate  (F)  in  1996  was  estimated  at  0.865 
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0.496).  approximately  35.2%  greater  than  F^,,, 


0.64. 


All  F  estimated  in  this  study  for  1956  to  1995  were  below  the 
threshold  value  F,,,^;  =  1.21.  At  fishing  mortality  from  F  = 
0.9-1.0,  the  %MSP  in  the  stock  ranged  from  16.7-14.1%.  For  rates 
of  F  in  excess  of  F^^^x'  the  stock  is  considered  to  be  growth 
overfished.  At  cunent  F.  the  theoretical  YPR  is  approximately 
2.0%  less  than  that  theorized  under  F^,.\x-  Hence,  in  theory,  if  the 
current  fishing  mortality  rate  was  reduced  by  26%  to  F  =  0.64,  we 
could  expect  a  2%  increase  in  YPR  and  the  cessation  of  growth 
overfishing. 

In  general  terins,  growth  overfishing  is  related  to  the  removal  of 
animals  from  the  stock  at  rates  in  excess  of  that  which  would 
maximize  yield  from  each  recruit.  It  results  from  a  rate  of  fishing 
greater  than  which  the  losses  in  weight  from  total  mortality  exceed 
the  gain  in  weight  attributable  to  growth.  The  resulting  length 
frequency  of  a  growth-overfished  stock  is  less  broad  than  that 
which  would  be  observed  under  virgin  conditions.  Excessive  ex- 
ploitation rates  could  result  in  what  is  X^rm^il  juvenescence  of  the 
stock,  characterized  by  a  severe  truncation  in  the  length  frequency 
at  lengths  above  the  minimum  legal  limit.  Other  applications  of 
this  concept  of  growth  overfishing  related  to  the  threshold  level 
termed  Fq  , ,  defined  as  the  fishing  mortality  rate  that  corresponds 
to  a  point  on  the  YPR  function  with  a  slope  of  10%  of  that  through 
the  origin.  Although  the  effect  of  fishing  on  future  generations  of 
the  resource  is  one  of  the  considerations  behind  Fj, ,,  the  relation- 
ship is  somewhat  speculative. 

Gear  Saturation  Analysis 

A  principal  finding  of  this  research  was  that  despite  a  fivefold 
increase  in  total  directed  fishing  effort  since  1945  (Table  2;  Fig. 
13),  fishing  mortality  has  remained  relatively  constant  since  1956 
(Table  4).  A  near  constant  fraction  of  the  stock  has  been  removed 


annually  by  fishing  (Figs.  25,  26)  since  the  mid-1950s  irrespective 
of  the  levels  of  effort  applied  by  the  fishery.  This  long-term  rise  in 
effort  coupled  with  relatively  steady  harvests  (Fig.  14)  has  resulted 
in  declining  CPUE  during  the  last  four  decades  (Fig.  15). 

Assuming  constant  q  and  stock  size  (Fig.  8),  F  would  have  been 
expected  to  rise  steadily  since  the  mid-1950s  in  proportion  to  the 
observed  increase  in  /  We  examined  the  lack  of  proportionality 
between  F  and/by  empirical  tests  of  q  based  on  log-log  regression 
analysis  of  ^  against/  and  by  linear  regression  analysis  of  F  of/ 
If  CI  was  not  constant  in  the  bay  blue  crab  fisheries,  we  assumed 
that  the  effect  resulted  largely  from  the  saturation  of  static  capture 
gear  used  as  the  primary  means  of  harvest  (Rugolo  et  al.,  this 
volume). 

To  test  the  hypothesis  that  c/  was  inversely  related  to  nominal 
effort,  the  value  of  q  was  related  to /by  log-log  regression.  Using 
estimates  of  q  =  F/f  derived  from  the  VIMS  trawl  survey-based  Fs 
for  1956  to  1995  (Fig.  34)  and  from  the  Calvert  Cliffs  survey- 
based  Fs  for  1968  to  1995  (Fig.  35),  q  exhibited  a  significant  (p  < 
.0001)  inverse  relationship  to  total  directed  fishing  effort.  The 
linear  regression  between  F  and /based  on  the  VIMS  survey  Fs 
(Fig.  36)  revealed  a  significantly  (p  <  .007)  negative  slope  indi- 
cating gear  saturation.  The  slope  estimates  from  the  linear  models 
using  the  MDNR  survey  Fs  (Fig.  37)  and  the  Calvert  Cliffs  survey 
Fs  (Fig.  38)  did  not  differ  significantly  from  zero.  Because  the 
slope  estimates  from  these  linear  models  were  either  negative  or 
did  not  differ  significantly  from  zero,  these  results  suggest  that 
fishing  mortality  on  Chesapeake  Bay  blue  crabs  has  been  de- 
coupled from  effort  over  the  range  of/ examined  during  1956  to 
1995  as  a  result  of  gear  saturation  in  the  pot  and  trotline  fisheries. 

Results  of  this  analysis  indicated  that  q  has  not  remained  con- 
stant since  1956.  Rugolo  et  al.  ( 1997)  also  found  strikingly  similar 
results  of  the  nonproportionality  between  F  and /in  the  New  En- 
gland American  lobster  fisheries,  which  have  undergone  a  similar 
historical  rise  in  /  without  a  proportional  rise  in  F.  This  phenom- 
enon of  rapidly  declining  CPUE  coincident  with  an  initial  sharp 
rise  in  effort  followed  by  relatively  stable  CPUE  is  also  reported  in 
other  stationary  gear-based  fisheries,  such  as  the  longline  skipjack 
tuna  fishery  of  the  Pacific  Ocean  and  the  South  Australian  rock 
lobster  fishery.  The  nonproportionality  between  F  and  /  is  strong 
evidence  that  gear  saturation  is  operating  in  the  Bay's  blue  crab 
fisheries  insofar  as  historical  changes  in  stock  availability  or  abun- 
dance, or  in  gear  selectivity  are  not  applicable.  The  contemporary 
decline  in  fishing  performance  described  by  commercial  fishers  is 
detectable.  We  conclude  that  it  reflects  a  decline  in  the  catchability 
of  the  gear  rather  than  a  decline  in  the  status  of  the  fully  recruited 
stock  as  a  result  of  gear  saturation  and  gear  competition.  Catch  per 
unit  effort  in  the  baywide  combined  blue  crab  fisheries  has  re- 
mained relatively  constant  since  1970  (Fig.  15). 

The  economic  implications  of  this  finding  of  gear  saturation  are 
profound.  Because  current  fishing  mortality  on  blue  crab  seems 
largely  independent  of  changes  in  fishing  effort  over  the  range  of 
effort  examined,  significant  reductions  in  total  effort  would  be 
required  to  realize  marked  increases  in  CPUE  or  in  %MSP  or  to 
decrease  F.  At  a  minimum,  a  proportional  change  in  these  mea- 
sures should  not  be  expected  by  a  .specific  reduction  in  directed 
effort.  Significant  improvements  in  these  measures  are  unlikely  to 
occur  until  total  directed  effort  is  approximately  the  level  that 
existed  in  the  mid-1950s.  Current  evidence  suggests  that  the 
Chesapeake  Bay  blue  crab  fishing  industry  is  severely  overcapi- 
talized in  terms  of  the  quantity  of  gear  applied  to  the  harvest.  The 
combined  fisheries  are  operating  at  extremely  low  levels  of  eco- 
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nomic  etficiency,  with  a  relalnely  coiistaiu  harvest  divided  into 
increasing  numbers  of  gear  units. 

CONCLUSIONS 

In  this  research,  blue  crab  vital  rates  and  life  history  character- 
istics necessary  to  conduct  an  analytical  stock  assessment  were 
described.  In  all  instances  where  rates  or  parameters  were  esti- 
mated that  would  influence  the  assessment  findings,  and  where 
empirical  evidence  couldn't  guide  selection  among  available  op- 
tions, we  adopted  a  risk  averse  approach.  Most  notably,  we  used 
this  approach  in  selection  of  the  theoretical  maximum  age  and 
spawning  activity  schedule.  Individually,  the  selection  of  a  maxi- 
mum life  span  of  8  y  or  the  lifetime  spawning  activity  schedule 
described  as  Dome-2  operate  to  lower  the  threshold  biological 
reference  point  F,o,j.  Collectively,  they  result  in  a  dramatically 
lower  reference  value  than  would  be  derived  under  conventional 
assumptions  of  longevity  of  3  y  and  the  rapid  decline  in  spawning 
activity  after  first  spawning.  Formulating  the  assessment  in  this 
manner  resulted  in  increased  sensitivity  to  the  finding  of  a  stock 
demise  and  recruitment  overfishing,  because  the  gap  between  cur- 
rent F  and  the  overfishing  definition  was  narrowed. 

Historical  and  contemporary  fishery-independent  research  sur- 
veys spanning  the  last  5  decades  indicated  that  current  spawning 
stock  biomass  was  at  moderate  levels  as  compared  to  historical 
maxima.  The  stock  seemed  to  be  maintaining  total  and  spawning 
stock  biomass  at  or  near  long-term  averages  measured  since  1956. 
We  found  no  evidence  of  a  persistent  stock  decline.  The  decade  of 
the  1980s  was  a  period  of  above  average  abundance;  the  popula- 
tion has  modulated  to  approximate  long-term  average  abundance 
levels  since  that  time.  At  the  current  fishing  rate  (F  =  0.9-1.0). 
%MSP  in  the  stock  exceeds  the  10%  target  level  established  for  the 
stock.  There  is  no  evidence  of  a  systematic  or  recent  increase  in 
fishing  mortality  to  unprecedented  levels.  The  combined  baywide 
fisheries  have  exploited  this  resource  at  levels  deemed  appropriate 
for  the  species — that  is.  30-45'^  for  peeler/soft  crab  and  45-559f 
for  hard  crab.  The  stock  is  exhibiting  dynamic  equilibrium,  with 
variable  abundance  as  expected  in  an  r-selected  species.  Recruit- 
ment has  been  variable  since  the  1950s  and  is  presently  at  average 
levels. 

Compelling  evidence  for  the  increase  in  stock  abundance  in  the 
1980s  was  demonstrated  by  the  change  in  relative  abundance  in  the 
exploitable  stock  measured  by  the  Calvert  Cliff  fisheries- 
independent  research  survey  and  the  commercial  Potomac  River 
landings.  The  VIMS  and  MDNR  trawl  survey  programs  also  re- 
vealed above  average  exploitable  stock  abundance  in  the  1980s. 
The  Chesapeake  Bay  blue  crab  stock  seemed  to  be  varying  without 
trend  during  the  last  5  decades,  with  an  expected  degree  of  inter- 
annual  variability  considering  its  short  life  span,  life  history  char- 
acteristics, and  reproductive  strategy. 

For  the  baywide  commercial  fishery,  no  contemporary  (1970  to 
1995)  decline  in  CPUE  has  occurred  following  the  initial  expo- 
nential decline  from  1947  to  late-I960s.  Baywide  CPUE  remained 
relatively  stable  thereafter.  The  stock  is  supporting  the  taking  of 
near  maximum  sustainable  yield  in  the  long-term;  no  evidence  of 
the  effects  of  fishing  on  the  ability  of  the  stock  to  replace  itself  or 
to  provide  historical  average  yields  was  observed.  There  has  been 
no  demonstrable  decrease  in  spawning  stock  biomass  or  in  recruit- 
ment success.  In  customary  stock  asssessment  terminology,  we 
judged  the  Chesapeake  Bay  blue  crab  stock  to  be  moderately  to 
fully  exploited  at  average  levels  of  abundance. 


Fishing  mortality  rates  and  annual  exploitation  rates  were  es- 
timated for  1956  to  1995.  Relative  exploitation  has  been  noisy 
showing  no  persistent  increases  that  would  by  consistent  with 
overfishing.  Absolute  exploitation  rates  derived  for  the  hard  and 
peeler/soft  components  of  the  fishery  ranged  principally  between 
30-45%  for  peeler/soft  crabs  and  40-55%  for  hard  crabs.  Fishing 
mortality  rates  (F)  on  the  combined  stock  have  varied  principally 
between  0.8-1.0  since  1956.  Current  fishing  mortality  rate  was 
below  the  threshold  reference  level  of  F,^^^  =  1.21  considered 
suitable  for  this  fishery  resource  and  has  varied  within  approxi- 
mately 20%'  of  the  long-term  mean  over  the  last  4  decades.  The 
baywide  .stock  has  maintained  both  total  stock  and  spawning  stock 
biomass  over  the  long-term.  Because  recent  fishing  mortality  rates 
have  been  below  the  F,o<.,;  threshold,  exploitation  has  not  under- 
mined total  stock  biomass.  Current  rates  of  fishing  mortality  have 
been  supported  by  this  stock  for  40  y,  indicating  that  the  cuirent 
level  of  fishing  moitality  is  not  detrimental  to  stock  persistence. 
Our  findings  suggest  that  the  fishery  has  been  taking  a  fairly  con- 
sistent fraction  of  the  stock  since  1956. 

Given  that  the  stock  seems  to  be  biologically  stable,  issues 
remain  regarding  the  health  of  the  fishery.  The  dramatic  rise  in 
directed  effort  since  1945.  with  the  accompanying  decline  in  fish- 
ing success,  would  normally  be  associated  with  an  increase  in 
fishing  mortality  rate.  This  was  not  demonstrated  by  the  assess- 
ment. Catchability  has  varied  with  effort  over  the  range  of  values 
observed  from  1956  to  1995.  This  would  imply  that  moderate 
reductions  in  fishing  effort  would  likely  not  result  in  a  proportional 
reduction  in  F  because  of  the  decoupling  of  F  and  /  from  noncon- 
stant  q.  A  possible  explanation  for  the  observed  phenomenon  of 
hyperdepletion  in  the  blue  crab  fisheries  relates  to  the  primary 
capture  gears.  Crab  pots  and  trotlines  are  static  gears  relying  on  the 
target  organism  to  enter  or  hold  on  to  the  gear.  They  jointly  ac- 
count for  approximately  907f  of  the  baywide  blue  crab  landings, 
and  with  the  tremendous  increase  in  gear  fished  for  a  finite  re- 
source, the  effects  of  gear  saturation  and  gear  competition  are 
evident. 

We  suggest  that  the  blue  crab  fishery  is  severely  overcapital- 
ized in  terms  of  fishing  effort.  As  a  resuh  of  gear  saturation, 
marginal  decreases  in  fishing  effort  would  not  realize  proportional 
gains  in  either  CPUE.  %MSP.  or  YPR.  The  stock  is  strictly 
growth-overfished  and.  as  a  result  of  nonconstant  cj.  substantial 
economic  displacement  would  be  required  to  decrease  current  F  by 
26%  to  achieve  F^^^x-  Increases  in  %MSP  and  YPR  could  be 
realized  through  size  limit  measures,  along  with  regulating  the 
taking  of  mature  female  crabs,  without  the  considerable  displace- 
ment costs  associated  with  effort  reductions  alone. 

We  recommend  that  management  be  risk  averse  in  its  regula- 
tory decision  making.  Management  should  maintain  current  fish- 
ing mortality  rate  below  the  threshold  value  of  1.21.  This  strategy 
should  maintain  yield  under  current  stock  levels  and  patterns  of 
recruitment,  absent  environmental  catastrophe.  Management 
should  be  particularly  averse  to  increases  in  fishing  effort  that 
would  exacerbate  current  economic  inefficiencies,  or  to  permitting 
increases  in  gear  efficiency  (i.e..  catchability).  The  latter  recom- 
mendation acknowledges  the  rather  delicate  and  poorly  understood 
interplay  between  F  and /in  the  contemporary  blue  crab  fishery. 
Management  should  be  proactive  in  its  considerations,  should  sta- 
blize  and  enhance  the  economic  viability  of  the  fishery,  and  should 
provide  protection  for  the  stock  through  maintenance  of  s^  1 0% 
MSP.  It  should  consider  adopting  strategies  that  increase  yield  per 
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recruit  (e.g..  size  limit  increases  on  both  sexes)  and  spawning 
potential  (e.g.,  limiting  directed  fisheries  on  mature  female  crabs). 

Recommendations 

In  developing  this  assessment,  we  identified  and  information 
needs  that  would  enhance  our  understanding  of  the  dynamics  of 
the  resource  and  its  attendant  fisheries.  Rugolo  et  a!.  ( 1997)  iden- 
tify research  that  can  be  pursued  or  information  that  must  be  gath- 
ered to  refine  key  component  analyses  of  the  assessment.  We 
present  here  only  a  short  list  of  essential  areas  for  future  research. 

(1)  Develop  a  reliable  and  efficient  method  to  age  blue  crabs. 

(2)  Develop  refined  schedules  of  length  at  age  and  maturity  at 
age  given  Item  1.  An  age-length  key  would  enable  devo- 
lution of  the  age  structure  from  survey  and  fishery  length 
frequency. 

(3)  Stage  harvest  by  length  or  age.  thus  allowing  for  the  de- 
velopment of  a  catch  at  age  matrix  to  be  used  in  alternative 
assessment  approaches. 

(4)  Develop  a  baywide  tagging  study  to  provide  information 
on  growth,  natural  mortality,  longevity,  fishing  mortality, 
size  selectivity,  catchability,  reporting  rates,  and  harvest 
distribution. 

(5)  Estimate  catchability  by  size  category  and  sex  for  all  prin- 
cipal gear  types  in  the  fishery. 

(6)  Estimate  recreational  fishing  effort,  participation,  and  har- 
vest for  the  baywide  recreational  fishery. 


(7)  For  all  segments  of  the  baywide  fishery,  improve  informa- 
tion on  the  magnitude  of  the  catch,  directed  effort,  discard 
losses,  and  the  biological  characterization  of  the  catch  (par- 
ticularly the  peeler/soft  crab  fishery).  Estimate  under- 
reporting inherent  in  commercial  and  recreational  harvest 
data. 
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ABSTRACT  I  combined  stock-recruitment,  environment-recruitment,  and  spawner  biomass  per  recruit  analyses  to  analyze  risk  of 
blue  crab  (Callinecres  sapidiis)  stock  deflation  using  fishery-independent  trawl  survey  data  collected  from  Maryland's  portion  of 
Chesapeake  Bay.  Spawning  stock  biomass  indices  varied  from  0.06-0.46  kg  per  trawl  and  recruit  indices  above  the  1977  to  1995 
median  did  not  occur  once  the  spawner  biomass  index  decreased  below  0.10  kg  per  trawl.  Stock-recruitment  would  be  stable  for  4  to 
5  years  and  then  would  undergo  a  rapid  change  in  status.  Ricker  stock-recruitment  models  that  included  a  term  for  either  winter  water 
or  air  temperature  were  significant.  Analyses  of  resistance  to  overfishing  and  risk  of  deflation  concentrated  on  best-  and  worst-case 
stock-recruitment  models:  1976  to  1986  year-class  spawner  biomass  per  recruit  produced  mean  spawner  biomass  near  where  maximum 
mean  recruitment  was  expected.  Spawner  biomass  per  recruit  was  near  the  deflation  threshold  for  1987  to  1993  year-classes;  mean 
stock  size  was  near  0. 10  kg  per  trawl  in  both  cases,  and  mean  recruitment  was  reduced  24%  for  the  worst-case  stock-recruitment  model. 
Risk  of  stock  deflation  under  the  1987  to  1993  year-class  harvest  pattern  was  14-28%  and  doubled  that  of  the  1976  to  1986  year-class 
harvest  pattern.  An  increase  in  exploitation,  a  consequence  of  decreasing  oyster  (Crassosrrea  viri;inica)  value,  and  rising  blue  crab 
value,  during  the  mid-1980s  and  1990s  was  inferred  from  decreasing  spawner  biomass  per  recruit  and  decreasing  legal  size  male  mean 
carapace  width.  Female  blue  crabs  increasingly  may  be  the  focus  of  a  directed  fishery  that  could  lead  to  even  lower  spawner  biomass 
per  recruit  and  increased  risk  of  stock  deflation. 

KEY  WORDS:  Blue  crab.  Callinectes  sapiciiis.  stock-recruitment,  spawner  biomass  per  recruit,  winter  temperature,  exploitation. 
Chesapeake  Bay 


INTRODUCTION 

The  blue  crab  (Callinectes  sapidits)  is  an  important  commer- 
cial, recreational,  and  ecological  resource  in  Maryland.  It  is  the 
most  valuable  animal  harvested  from  Maryland's  portion  of 
Chesapeake  Bay,  accounting  for  over  609!:  of  the  value  of  com- 
mercial landings  since  1990.  Estimated  value  of  1993  and  1994 
Chesapeake  Bay  landings  (hard  and  soft  crabs)  in  Maryland  were 
$35  million  and  $39  million,  respectively.  The  Chesapeake  Bay 
(Maryland  and  Virginia)  produces  40-50%  of  United  States  blue 
crab  harvest,  and  Maryland's  harvest  averaged  2.1  x  10"*  metric 
tons  during  1981  to  1995.  During  1990.  an  estimated  5  x  10" 
panicipants  made  2.5  x  10**  recreational  crabbing  trips  and  ac- 
counted for  neariy  209f  of  all  blue  crabs  landed  in  Maryland  (Sauls 
at  al.  1995).  Blue  crabs  are  ecologically  important  in  Chesapeake 
Bay.  because  they  are  so  abundant,  eat  many  components  of  the 
ecosystem,  and  are  an  important  food  for  many  other  organisms 
(Van  Heukelem  1991). 

A  poor  commercial  harvest  in  1992.  coupled  with  declines  in 
other  major  Chesapeake  Bay  fisheries  generated  public  concern 
that  fishing  pressure  was  harming  the  stock  (Sauls  et  al.  1995).  The 
public  were  especially  concerned  that  the  stock  would  undergo  a 
drastic  decline  in  abundance  as  had  other  major  bay  living  re- 
sources (oysters,  Crassostrea  virginica:  striped  bass,  Morone 
saxatilis;  and  American  shad,  Alosa  sapidissima)  from  which  it 
might  not  recover  (Sauls  et  al.  1995). 

Managers  of  the  blue  crab  resource  in  Maryland  expressed  their 
concern  in  the  form  of  the  question  "When  have  we  gone  too 
far?"  That  is,  at  what  point  would  the  blue  crab  stock  be  fished  to 
the  point  where  it  might  fail  to  sustain  it.self  Moreover,  would 
Maryland's  monitoring  of  relative  abundance  provide  an  indica- 
tion that  this  point  was  being  reached? 

I  combined  stock-recruitment  (Ricker  1975;  Hilborn  and 
Walters  1992),  environment-recruitment,  and  spawner  biomass 
per  recruit  analyses  (Gabriel  et  al.  1989;  Goodyear  1993)  to  ana- 
lyze risk  of  stock  deflation  using  fishery-independent  trawl  survey 


data  collected  from  Maryland's  portion  of  Chesapeake  Bay  since 
1977  (Davis  et  al.  1995).  The  hypothesis  that  winter  temperatures 
affected  recruitment  was  incorporated  into  stock-recruitment 
analyses,  because  low  blue  crab  landings  have  followed  colder 
than  normal  winters  (Van  Heukelem  1991).  1  developed  an  index 
of  spawner  biomass  so  that  stock-recruitment  and  spawning  stock 
biomass  per  recruit  could  be  integrated  (Sheperd  1982.  Sissenwine 
and  Sheperd  1987,  Goodyear  1993).  Spawner  biomass  per  recruit 
expressed  the  effect  of  changes  in  mortality  on  spawning  stock 
(Sheperd  1982.  Sissenwine  and  Sheperd  1987).  This  type  of  stock 
assessment  implicitly  assumes  that  the  stock  will  fail  to  relace 
itself  when  it  becomes  very  small  (Sheperd  1982). 

The  principal  sources  of  uncertainty  and  risk  in  stock- 
recruitment  dynamics  involve  two  difficulties:  ( 1 )  assessing 
whether  the  population  is  regulated  by  compensatory  processes 
over  the  range  of  observed  stock  sizes;  and  (2)  determining  the 
slope  of  the  stock-recruitment  curve  at  the  origin  (Fogarty  et  al. 
1992).  Compensatory  processes  result  in  population  growth 
slowing  and  then  stopping  or  declining  as  population  size  in- 
creases; a  population  increases  proportionally  with  spawning  stock 
when  compensatory  processes  are  absent  (Fogarty  et  al.  1992). 
Collapse  of  recruitment  at  some  low  stock  level  is  an  essential 
feature  shared  by  all  stock-recruitment  relationships  (Sheperd 
1982). 

If  spawner  bioinass  is  accepted  as  the  most  suitable  measure  of 
population  size  underlying  the  determination  of  recruitinent.  then 
spawner  biomass  per  recruit  becomes  a  helpful  measure  for  un- 
derstanding the  behavior  of  the  population  in  a  steady  state  (Shep- 
erd 19821.  This  steady  state  is  rarely  achieved,  but  it  does  represent 
a  point  where  recruitment  centers  itself  under  a  management 
strategy  pursuing  a  particular  level  of  fishing  mortality  for  a  suf- 
ficient period  of  time.  These  steady  state  points  provide  useful 
indicators  of  the  underiying  behavior  of  the  stock,  although  envi- 
ronmentally induced  fluctuations  may  obscure  the  relationship 
(Sheperd  1982). 
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METHODS 

Blue  crab  relative  abundance  has  been  surveyed  by  trawling  six 
areas  of  the  Chesapeake  Bay  in  Maryland  since  1977  (Homick  et 
al.  1988,  Casey  et  al.  1991.  Davis  et  al.  1995).  This  sui^ey  pro- 
vides fishery-independent  crab  population  data  that  can  be  used  to 
monitor  recruitment,  adult  population  levels,  and  relative  moilality 
(Casey  et  al.  1991.  Uphoff  et  al.  1993.  Davis  et  al.  1995). 

Si.\  fixed  stations  each  were  located  in  the  Chester  River,  the 
Eastern  Bay.  the  Choptank  River,  and  the  Patuxent  River.  Tangier 
Sound  had  five  stations,  and  Pocomoke  Sound,  eight  (Fig.  1).  Each 
site  was  sampled  once  a  month  during  May  to  September  or  in 
October  (Davis  et  al.  1995).  A  4.9  ni  seniiballoon  otter  trawl  with 
a  body  and  cod  end  of  25-mm  stretch-mesh  and  a  13-mm  stretch- 
mesh  cod  end  liner  was  towed  for  6  min  at  4.0-4.8  km/h.  All  blue 
crabs  were  counted.  During  1989  to  1995,  every  blue  crab  captured 
by  the  trawl  survey  was  measured  for  carapace  width  (CW  mm) 
and  categorized  by  sexual  maturity  (Davis  et  al.  1995).  Prior  to 
1989,  blue  crabs  were  measured  into  20-rnm  size  groups  and 
sexed;  maturity  was  not  recorded  (Homick  et  al.  1988).  The  maxi- 
mum size  category  was  180  mm-i-. 

Blue  crabs  were  traditionally  categorized  into  three  CW  groups 
(0-60  mm.  61-1 19  mm.  and  &120  mm)  that  reflected  presumed 


age  classes  0,  1,  and  2-i-  (Van  Engel  1958).  I  labeled  blue  crabs  60 
mm  or  less  as  small  blue  crabs;  61-119  mm  blue  crabs  were 
labeled  medium  blue  crabs,  and  those  120  mm  or  greater  were 
"mature"  blue  crabs. 

Relative  abundance  of  small,  medium,  or  mature  blue  crabs 
was  indexed  by  rescaling  the  geometric  mean  (GM)  catch  per 
6-min  trawl  to  an  arithmetic  mean  (Ricker  1975).  An  annual  GM 
was  rescaled  by  multiplying  it  by  the  sum  of  the  1977  to  1994 
arithmetic  means  divided  by  the  sum  of  the  1977  to  1994  geomet- 
ric means.  Rescaled  GMs  were  more  precise  than  arithmetic 
means,  and  greater  precision  reduced  potential  biases  in  stock- 
recruitment  regressions  (Walters  and  Ludwig  1981.  Hilbom  and 
Walters  1992)  and  other  analyses. 

Correlation  analysis  was  used  to  define  recruits  and  to  examine 
associations  of  small  and  medium  blue  crabs  with  mature  blue 
crabs.  Associations  among  small  blue  crabs  in  year  t  and  mature 
blue  crabs  in  year  t  -H  1 .  and  t  +  2  and  associations  of  medium  blue 
crabs  with  mature  blue  crabs  in  year  t  and  t  -i-  I  were  tested  with 
correlation  analysis.  Van  Engel  (1958)  observed  that  blue  crab 
juveniles  (approximated  by  the  small  crab  category)  in  May.  June, 
and  July  become  legal-size  hard  crabs  by  August  or  September  of 
the  following  year  (t  -i-  1 ).  A  small  crab  in  August  or  September 
grew  to  legal-size  in  May  of  its  third  summer  (t  +  2:  Van  Engel 
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Figure  1.  Location  of  trawling  stations  (dots),  air  temperature  measurements  (BWI,  square),  and  water  temperature  measurements  (CBL,  flag) 
in  Maryland's  portion  of  Cliesapealie  Bay. 
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1958).  In  Rhode  River,  a  Chesapeake  Bay  subestuary.  the  new 
year-class  iitblue  crabs  arrived  in  late  fall  and  spring  and  grew  to 
70-100+  mm  CW  during  summer  (Hines  el  al.  1987).  This  year- 
old  cohort  grew  to  maturity  by  the  following  spring  (Hines  et  al. 
1987).  Medium  blue  crabs  were  assumed  to  be  I  year  older  than 
small  crabs;  hence,  zero  and  I -year  lags  were  appropriate. 

Mature  females,  regardless  of  CW.  and  males  127  mm  or 
greater  were  subject  to  harvest  in  the  hard-crab  fishery.  Blue  crabs 
89  mm  or  greater  could  have  been  harvested  as  soft  crabs,  and 
those  76  mm  or  greater  could  have  been  harvested  as  peelers. 

The  hypothesis  that  winter  temperature  was  positively  corre- 
lated with  recruitment  of  the  1977  to  1992  year  classes  was  tested 
first  with  monthly  mean  air  temperatures  from  the  National 
Oceanographic  and  Atmospheric  Administration's  weather  station 
at  the  Baltimore-Washington  International  Airport  (BWI)  and 
later  with  mean  water  temperatures  at  Chesapeake  Biological 
Laboratory  (CBL),  Solomons.  Maryland  (Fig.  1).  Initially,  I  only 
had  air  temperature  data,  and  I  used  it  to  test  December  to  April 
monthly  means.  Later,  I  was  provided  with  water  temperatures  at 
CBL  and  used  them  to  retest  January  to  April  mean  monthly  water 
temperatures.  December  mean  water  temperatures  were  not  tested 
because  of  an  extremely  low  correlation  of  recruitment  and  De- 
cember mean  air  temperatures.  Each  winter's  monthly  mean  air  or 
water  temperature  was  correlated  with  the  recruitment  index  in  the 
blue  crab  trawl  survey  the  following  year  to  examine  the  associa- 
tion of  winter  temperatures  with  year-class  success.  All  correla- 
tions were  considered  significant  at  p  ss  .05. 

Spawning  stock  biomass  was  indexed  each  year  during  1 977  to 
1995  by  multiplying  the  estimated  mean  weight  (kg)  of  mature 
females  by  the  rescaled  GM  catch  per  trawl  of  mature  females. 
During  1989  to  1995.  every  crab  captured  was  measured  and  cat- 
egorized by  sexual  maturity,  and  mean  CW  of  mature  females  was 
calculated  directly.  Mean  CW  was  converted  to  weight  using  the 
female  CW  weight  regression  of  Rothschild  et  al.  (1992). 

Before  1989.  blue  crabs  were  measured  into  20-mm  CW  groups 
and  sexed;  maturity  was  not  recorded.  The  cumulative  propor- 
tion of  female  blue  crabs  at  each  20-mm  increment  in  each  year 
( 1977  to  1994)  was  fit  to  a  Weibull  curve  by  nonlinear  regression 
(FISHPARM.  Prager  et  al.  1989).  The  Weibull  curve  is  widely 
used  to  fit  cumulative  distributions.  Estimated  Weibull  curve  pa- 
rameters were  then  used  to  calculate  the  cumulative  proportion 
(CP)  of  female  crabs  at  each  1  mm  CW  increment  (m)  in  each  year 
(y).  The  individual  proportion  of  female  crabs  in  each  I  mm  CW 
increment  and  year  (IPn,y)  was  estimated  by  IP^^y  =  CP^^y  - 
CP 

*-*  (m  -  l)y- 

Each  IP„y  was  then  multiplied  by  the  proportion  mature  at  CW 
(E„)  to  obtain  a  CW  distribution  of  mature  females.  Proportion 
mature  at  CW  was  estimated  by  fitting  a  Weibull  curve  to  aggre- 
gated 1989  to  1995  trawl  survey  data  on  female  maturity  at  each 
CW  (nonlinear  regression  using  FISHPARM;  Prager  et  al.  1989). 
Individual  years  did  not  contain  enough  data  to  fit  curves  and 
compare  variation  among  years. 

Mean  CW  of  mature  female  crabs  for  each  year  was  estimated 
by  CW„,^„  =  I  (IP„^  X  E„  X  CW„,)/I  (Ip^,,  X  E„,).  Estimates  of 
mean  CW  generated  from  curves  were  compared  to  sample  means 
during  1989  to  1994  to  examine  biases  introduced  by  using  the 
cumulative  CW-frequency  curve  fitting  approach. 

Stock-recruitment  analyses  matched  recruits  in  year  t  against 
the  spawner  biomass  index  in  year  t  -  2,  the  same  lag  used  in 
stock-recruitment  analyses  of  blue  crabs  in  York  River,  Virginia 
(Lipcius  and  Van  Engel  1990).  The  general  form  of  the  stock- 
recruitment  relationship  was  explored  with  a  table  of  the  frequency 


of  recruitment  above  or  below  the  1977  to  1992  year-class  median 
at  spawner  biomass  index  intervals  of  0.10  kg.  A  spawner  biomass 
interval  or  intervals  nearest  zero  that  did  not  exhibit  above-median 
recruitment  would  be  used  as  a  critical  threshold  below  which  the 
probability  of  poor  recruitment  increased  appreciably  (Beddington 
et  al.  1990,  Fogarty  et  al.  1992).  A  plot  of  stock-recruitment  data 
was  examined  to  determine  stability  over  time;  that  is,  did  these 
points  cluster  (high  recruitment  with  high  stock  size  or  low  with 
low)  or  were  they  scattered  (high  and  low  recruitment  at  a  given 
stock  size)? 

Nonlinear  least-squares  regressions  (using  Marquardt's  algo- 
rithm) of  Ricker.  Beverton-Holt,  and  Sheperd  stock-recruitment 
models  were  used  to  examine  possible  curvilinear  stock- 
recruitment  relationships  (Table  1,  FISHPARM,  Prager  et  al. 
1989).  A  Ricker  curve  fits  dome-shaped  stock-recruitment  rela- 
tionships, recruitment  rises  to  an  asymptote  with  increasing  stock 
size  with  a  Beverton-Holt  model,  and  a  Sheperd  model  is  flexible 
enough  to  fit  variations  of  both  models  (Prager  et  al.  1989).  These 
nonlinear  models  provided  asymptotic  standard  errors  of  param- 
eter estimates  (i.e..  coefficients  of  density-independence  and  den- 
sity-dependence; Table  1 )  to  test  whether  each  parameter  differed 
significantly  from  zero  (Hilbom  and  Walters  1992). 

The  null  hypothesis  of  these  stock-recruitment  curves  was  that 
recruitment  was  density-independent,  and  the  mean  number  of 
recruits  increased  directly  with  spawner  biomass  (Fogarty  et  al. 
1992).  Standard  linear  regressions  and  linear  regressions  with  the 
intercept  constrained  to  pass  through  the  origin  (Fruend  and  Littel 
1991 )  were  used  to  test  for  density-independent  relationships. 

If  associations  of  air  or  water  temperature  and  recruitment  were 
significant  and  stock-recruitment  model  residual  patterns  indi- 
cated the  need  for  an  additional  model  term,  linear  and  linearized 
Ricker  regressions,  and  nonlinear  Ricker  and  Beverton-Holt  mod- 
els were  rerun  with  a  term  for  winter  temperatures  (Hilbom  and 
Walters  1992,  Table  1 ).  Monthly  mean  air  and  water  temperatures 
with  the  highest  association  with  recruitment  were  selected  as 
winter  temperature  terms.  Winter  temperatures  for  year  t  were 
added  to  the  model  as  coefficient  C.  and  temperatures  were  ex- 

TABLE  I. 
Stock-recruitment  models  and  methods  of  analysis. 


Model 


Equation,  R  : 


Method 


Stock-recruitment  without  Winter  parameter 
Linear — 0.0  intercept  AS  L 

Linear  witli  intercept  AS  +  x  L 

Ricker  ASe""^  NL.  M 

Beverton-Holt  AS/(B  +  S)  NL.  M 

Sheperd  AS/[  1  -kS/K)"]  NL.  M 

Stock-recruitment  with  Winter  parameter 

Linear.  0.0  intercept                           AS  +  CW  L 

Linear  with  intercept                     AS  +  CW  +  x  L 

Ricker                                             ASe-"^*^*  L:  NL.  N.  S 

Beverton-Holt                                (AS/B  +  S)  e*^'*  NL.  N.  S 

R  =  Recruits;  S  =  Spawner  Biomass;  W  =  log^.  (annual  mean  winter 
temperature/long-term  mean  winter  temperature).  In  the  Sheperd  model.  K 
represents  a  spawner  biomass  where  R/S  is  half  its  maximum.  A  is  the 
coefficient  of  density-independence,  B  is  the  coefficient  of  density- 
dependence,  and  C  is  the  coefficient  for  winter  temperature.  Method  L  = 
linear  least-squares  regression:  NL  =  nonlinear  regression:  M  =  Mar- 
quardt  algonlhni  (FISHPARM;  Prager  et  al.  1987).  N  =  Newton's  method 
(SAS  1988):  S  =  secam  method  (SAS  1988). 
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pressed  as  the  natural  logarithm  of  the  deviation  from  normal  (W,, 
=  air.  W„  =  water.  Table  1 ).  The  deviation  from  normal  equaled 
that  year's  monthly  winter  temperature  divided  by  the  long-term 
monthly  mean  (Hilbom  and  Walters  1992).  Linear  regressions 
were  rerun  with  and  without  the  intercept  confined  to  the  origin. 
Initially.  I  had  only  air  temperature  data  and  tested  all  forms  of  the 
stock-recruitment-winter  temperature  relationship  with  it.  Once  I 
obtained  water  temperature  data.  I  retested  only  those  significant 
stock-recruitment-air  temperature  models. 

First  I  used  the  secant  (multivariate  secant  or  false  position) 
iterative  method  to  fit  Ricker  or  Beverton-Holt  models  that  in- 
cluded winter  temperature  terms.  The  multivariate  secant  method 
estimates  its  derivatives  from  the  history  of  iterations,  rather  than 
having  them  supplied  (SAS  1988)  and  would  produce  the  least 
coUinear  estimates  (T.  Miller,  Chesapeake  Biological  Laboratory, 
pers.  comm.).  If  a  model  and  its  parameter  estimates  were  signifi- 
cant, the  Newton  iterative  method  was  then  used.  The  Newton 
method  regresses  residuals  onto  a  function  of  the  calculated  first 
and  second  derivatives  of  the  model  with  respect  to  the  parameters 
until  estimates  converge  (SAS  1988)  and  would  produce  the  small- 
est sums  of  squares  of  the  two  methods  (T.  Miller.  Chesapeake 
Biological  Laboratory,  pers.  comm.).  Parameter  estimates  derived 
by  these  two  methods  contrasted  stability  of  the  stock-recruitment 
model  parameter  estimates.  Both  methods  provided  asymptotic 
standard  errors  to  test  whether  parameters  A.  B.  and  C  were  sig- 
nificantly different  from  zero  (Hilbom  and  Walters  1992). 

Residuals  of  significant  linear  or  nonlinear  models  were  exam- 
ined to  determine  the  need  for  additional  terms  and  detect  sequen- 
tial trends.  Autocorrelations  and  time-series  bias  were  identified 
for  linear  models  by  using  Durbin  Watson's  D  and  autoregression 
(Hoff  1983.  Fruend  and  Littel  1991.  Hilbom  and  Walters  1992). 
Linear  and  nonlinear  regressions  were  considered  significant  at  p 
€  .05  and  terms  were  significant  at  p  ^  .10. 

To  judge  whether  the  significant  stock-recruitment  model  oc- 
cuned  by  chance,  the  probability  of  occurrence  of  A.  B.  or  C  was 
determined.  Ten  thousand  randomized  recruitment  indices, 
spawner  biomass  indices,  and  winter  air  temperature  datasets  (with 
replacement)  were  generated  from  1977  to  1992  data,  and  the 
stock-recruitment  regression  was  run  on  each  dataset  (Edgington 
1995).  This  created  a  cumulative  probability  distribution  for  each 
model  parameter  to  judge  whether  its  occurrence  was  by  chance 
(near  the  median)  or  not  (on  one  of  the  extreme  ends).  The  cumu- 
lative probability  that  mean  A.  B.  or  C  estimates  derived  in  the 
original  stock-recruitment  analysis  occurred  equaled  their  cumu- 
lative frequency  of  occurrence  in  the  random  trials  divided  by 
10,000  trials.  The  linearized  form  of  the  stock-recruitment  model 
was  used  because  it  was  computationally  efficient. 

Spawner  biomass  per  recruit  (SBR)  was  estimated  by  the  ratio 
of  the  spawner  biomass  index  in  year  t  to  the  recruit  index  with 
suitable  lag  or  lags  indicated  by  the  correlation  analysis  that  de- 
fined recruits.  Spawner  biomass  per  recruit  was  compared  to  the 
inverse  of  the  mean  density-independent  term  (I/A)  derived  from 
significant  stock-recruitment  models  lo  determine  if  periods  of 
stock  deflation  could  be  identified.  Spawner  biomass  per  recruit 
below  1/A  indicated  that  mortality  was  too  high  for  the  population 
to  support  on  a  sustained  basis,  and  a  decline  would  follow  (Shep- 
erd  1982.  Sissenwine  and  Sheperd  1987).  If  SBR  was  below  1/A. 
then  spawner  biomass  also  needed  to  fall  below  the  critical  level 
determined  from  the  stock-recruitmciU  frequency  table  to  validate 
that  stock  deflation  had  occurred. 

The  SBR  time  series  was  examined  for  sustained  periods  at 


different  levels.  Once  periods  of  consistent  SBR  were  identified, 
the  reciprocal  of  each  period's  median  (as  recmits  per  spawner 
biomass)  was  superimposed  as  a  line,  starting  at  the  origin,  on  the 
stock-recmitment  plot.  The  median  would  be  a  robust  estimator  if 
spawner  biomass  and  recruitment  were  measured  with  error  (Sis- 
senwine and  Sheperd  1987).  The  intersection  of  the  stock- 
recruitment  curve  and  inverse  SBR  line  represented  the  center  of 
that  period's  spawner  biomass  and  recruitment  for  a  density- 
dependent  stock-recruitment  relationship  at  that  particular  harvest 
pattem  (Sheperd  1982,  Fogarty  et  al.  1992).  The  inverse  of  SBR 
would  need  to  be  at  or  below  1/A  to  prevent  the  stock  from  de- 
clining if  the  stock-recruitment  relationship  was  density- 
independent  (Sheperd  1982.  Fogarty  et  al.  1992). 

If  Ricker  or  Beverton-Holt  stock-recruitment  models  were  ap- 
propriate, estimates  of  the  stock  size  that  produced  maximum 
mean  recruitment  were  calculated  (Ricker  1975,  Hilborn  and 
Walters  1992).  The  intersection  of  a  time  period's  inverse  of  me- 
dian SBR  and  the  stock-recruitment  curve  was  compared  to  the 
spawner  biomass  producing  maximum  mean  recruitment.  This  lat- 
ter point  would  be  valid  regardless  of  the  units  in  which  recmit- 
ment  and  spawning  stock  were  expressed  (Ricker  1975). 

The  risk  of  short-term  stock  deflation  under  harvest  patterns 
indicated  by  time  period  median  SBR  was  defined  as  the  cumu- 
lative probability  that  SBR  would  fall  below  1/A.  Time  period 
SBR  values  were  tested  for  nomiality  or  log^.-transformed  and 
tested  for  normality  (Shapiro-Wilk  test.  SAS  1987).  The  mean  and 
standard  deviation  of  SBR  for  a  time  period  representing  each 
harvest  pattem  was  used  to  generate  an  expected  distribution  of 
thirty  thousand  observations,  and  risk  was  calculated  as  the  per- 
centage of  values  below  1/A. 

RESULTS 

Small  blue  crab  relative  abundance  was  significantly  associated 
with  mature  crab  relative  abundance  in  year  t  -i-  1  (r  =  0.53,  p  = 
.03)  but  not  in  year  t  -i-  2  (r  =  0.22.  p  =  .40).  Medium  blue  crab 
relative  abundance  was  significantly  associated  with  mature  crab 
relative  abundance  in  year  t  (r  =  0.73,  p  =  .006)  and  year  t  +  1 
(r  =  0.67,  p  =  .003).  Medium  blue  crabs  were  designated  as 
recruits  based  on  the  strength  of  these  associations.  Geometric 
mean  catches  per  trawl  varied  nearly  tenfold  and  poor  (1977  to 
1980  and  1995),  good  (1984.  1985).  and  intermediate  years  were 
present  (year-class  =  year  -  I;  Fig.  2).  Medium  blue  crab  GMs 
were  rescaled  to  an  arithmetic  mean  by  multiplying  by  2.21. 
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Figure  2.  Geometric  mean  and  95%  confidence  interval  of  catches  per 
trawl  of  recruit  blue  crabs  during  1977  to  1995. 
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February  mean  air  temperature  and  February  and  March  mean 
water  temperature  in  year  t  were  significantly  associated  with  re- 
cruitment of  the  1976  to  1993  year-classes  in  year  t  +  1  (p  «  .05; 
Table  2).  Water  temperature  during  a  30  day  period  consisting  of 
the  last  15  days  of  February  and  the  first  15  days  of  March  was 
also  significantly  correlated  with  recruitment  (r  =  0.62.  p  «  .001 ). 
Cumulative  proportion  of  female  crabs  mature  at  CW  (CW  in 
mm)  during  1989  to  1994  was  described  by  the  equation  E„  = 
0.00981  X  [1-exp  -(CW/ 1.34 )"-"")];  r'  =  0.97,  p  «  .05,  n  =  55. 
Nearly  1%  of  female  crabs  were  mature  at  108  mm,  50%  were 
mature  at  132  mm.  and  all  were  mature  at  145  mm. 

Mature  female  mean  CW  estimates  ranged  between  141  and 
152  mm  during  1977  to  1995.  a  maximum  difference  of  8%  (Fig. 
3).  Typically  CW  varied  by  approximately  3%.  Bias  from  decom- 
posing CW-frequency  curves  to  estimate  mean  CW  ranged  from 
-1-3  to  -4%  during  1989  to  1994. 

Mature  female  GM  catch  per  trawl  varied  neariy  eightfold  dur- 
ing 1977  to  1995  (Fig.  4).  Years  of  low  relative  abundance  oc- 
curred dunng  1978  to  1980.  1982.  1988.  and  1989.  Relative  abun- 
dance was  high  during  1977.  1981,  and  1983  to  1987  and  inter- 
mediate after  1989  (Fig.  4).  Mature  female  GM  catch  per  haul  was 
rescaled  to  an  arithmetic  mean  by  multiplying  by  2.12. 

Spawning  stock  biomass  indices  varied  from  0.06-0.46  kg  (per 
trawl:  Fig.  5).  Lowest  indices,  less  than  0.10  kg.  occurred  during 
1978  to  1980  and  1988  to  1989.  Highest  levels,  indicated  by  an 
index  greater  than  0.30  kg,  occurred  during  1977  and  1984  to 
1987.  Spawning  stock  biomass  decreased  more  than  0.20  kg  in  one 
year  in  two  instances:  1977  to  1978  and  1987  to  1988  (Fig.  5). 

Recruit  indices  above  the  1977  to  1992  year-class  median  ( 10.0 
recruits  per  trawl)  did  not  occur  once  the  spawner  biomass  index 
decreased  below  0.10  kg  (Table  3).  Above-median  recruitment 
occurred  at  stock  sizes  in  the  midrange.  0.10-O.30  kg.  and  poor- 
to-high  recruitment  was  present  when  spawner  biomass  indices 
exceeded  0.30  kg  (Table  2).  A  spawner  biomass  of  0.10  kg  was 
considered  to  be  the  critically  low  threshold. 

Stock-recruitment  points  tended  to  cluster  in  time:  stock- 
recruitment  status  would  be  stable  for  4  to  5  years  and  then  would 
undergo  a  rapid  change  in  status  (Fig.  6).  Spawner  biomass  and 
recruitment  were  low  during  1978  to  1982  (with  the  exception  of 
1981).  Dunng  1983  to  1987,  spawner  biomass  shifted  to  a  high 
level;  below-  and  above-median  recruitment  occurred.  Stock  size 
decreased,  and  recruitment  was  near  the  median  during  1988  to 
1992.  Spawner  biomass  during  1977  and  1981  did  not  fall  into  a 
temporal  cluster  (Fig.  6). 

None  of  the  stock-recruitment  models  was  significant  at  p  ^ 
.05.  The  Ricker  stock-recruitment  model,  R  =  1 18.2  S  *e'-o  ^stsj^ 

TABLE  2. 

Correlations  of  preceding  winter  monthly  mean  temperature  and 

recruit  blue  crab  catch  per  trawl  for  the  1977  to  1992  year-classes; 

dash  indicates  no  comparison  was  made. 
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Figure  3.  Estimated  mean  carapace  width  (CW)  of  mature  female  blue 
crabs  in  trawl  samples  during  1977  to  1995. 

where  R  =  recruitment  index,  and  S  =  spawner  biomass  index, 
gave  the  best  fit.  However,  this  model  was  not  significant  (p  «  .06, 
r-  =  0.22).  and  a  serial  pattern  was  detected  in  its  residuals. 

Adding  a  parameter  for  winter  air  temperature  (W^)  greatly 
improved  the  fit  of  three  of  four  regressions.  The  linear  stock- 
recruitment  regression  without  the  intercept  forced  to  0,  though 
significant  (r^  =  0.65,  p  «  .001)  and  with  a  low  chance  of  auto- 
correlation (Durbin-Watson  D  =  2.43).  was  rejected,  because  a 
relatively  large  recruit  index  of  six  would  be  produced  when  spaw n- 
ing  stock  was  zero.  The  linear  stock-recruitment  relationship  with  the 
intercept  restricted  to  zero  was  not  significant  (r^  =  0.13,  p  =  .16). 

The  Beverton-Holt  regression  with  W^,  was  significant  (r^^  = 
0.74.  p  «  .002).  Much  of  the  fit  was  attributable  to  the  inclusion 
of  temperature;  neither  A  nor  B  was  significant  at  p  =£  .10.  and 
there  was  a  serial  trend  in  the  residuals. 

Linear  Ricker  stock-recruitment  models  and  their  parameter 
estimates  with  W,  or  W^,,  were  significant  (p  ss  .05;  Table  4).  Plots 
of  residuals  against  predicted  recruitment  indices  or  years  ap- 
peared random.  Durbin-Watson  D,  (for  W^,  1.817;  for  W„,  1.892) 
indicated  little  likelihood  of  autocorrelation.  Autocorrelations 
lagged  up  to  10  years  were  intermittently  positive  and  negative  and 
did  not  exhibit  a  consistent  decreasing  trend  indicative  of  signifi- 
cant autocorrelation  (Hoff  1983).  Autoregressive  parameters  were 
not  significantly  different  from  zero  at  p  «  .05  for  any  lag.  The 
cumulative  probabilities  of  derived  A,  B.  or  C  occurring  in  10,000 
randomizations  of  recruitment,  spawner  biomass.  and  W^  were 
0.92.  0.92.  and  0.99.  respectively.  These  cumulative  probabilities 
were  on  the  distribution's  outer  extreme  and  indicated  that  the 
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Figure  4.  Geometric  mean  and  95'/c  confidence  interval  of  catches  per 
trawl  of  mature  female  blue  crabs  during  1977  to  1995. 
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Figure  5.  Spawner  biomass  indices  (lig  of  mature  females  per  trawl) 
during  1977  to  1995. 

derived  stock-recruitment  parameters  were  unlikely  to  have  oc- 
curred by  chance. 

Nonlinear  Ricker  stock-recruitment  models  using  W^  and  W^, 
were  significant  at  p  =s  .05  (Table  3).  Parameters  A.  B,  and  C  were 
significantly  different  from  zero  at  p  =s  .10  for  all  models.  Non- 
linear estimates  of  A  and  B  were  not  significantly  different  for 
models  using  winter  air  or  water  temperature  terms  based  on  95% 
confidence  interval  (95%  CI)  overlap.  Winter  temperature  coeffi- 
cient (C)  95%  Cls  overlapped  for  models  using  W^,  or  W„.  Based 
on  95%  CI  overlap,  estimates  of  C  from  models  using  W,  were 
significantly  higher  than  estimates  of  C  from  models  using  W„ 
(Table  4).  Parameters  A  and  B  were  consistently  and  highly  cor- 
related for  all  Ricker  models  (r  =  -0.84  to  -0.87).  Correlations  of 
parameter  C  to  A  were  inconsistent  and  were  not  high  (-0.43  to 
0.35),  as  were  correlations  of  C  to  B  (-0.37  to  0.1 1 ).  These  cor- 
relations indicated  that  stock-recruitment  could  have  been  repre- 
sented by  a  family  of  curves  with  large  A  and  low  B,  while  C 
would  vary  (Hilborn  and  Walters  19921. 

Deflation  thresholds  (1/A)  for  SBR  ranged  between  0.008  kg 
per  recruit  for  stock-recruitment  models  featuring  W„  to  0.010  kg 
per  recruit  for  models  with  W„.  Maximum  mean  recruitment  in- 
dices were  10.4  (Newton's  method)  and  1 1.2  (secant  method)  re- 
cruits per  trawl  at  0.22  and  0.25  kg  of  spawner  biomass.  respec- 
tively, for  W„  stock-recniitment  models.  Maximum  mean  recruit- 
ment was  10.2  (Newton's  method)  and  11.2  (secant  method) 
recruits  per  trawl  at  a  spawner  biomass  of  0.29  and  0.31  kg,  re- 
spectively, when  W ,  was  used  in  stock-recruitment  models. 

Ricker  models  derived  by  Newton's  method  provided  the  high- 
est estimate  of  A  using  W„  and  the  lowest  estimate  of  A  using  W^. 
Subsequent  analyses  of  resistance  to  overfishing  and  risk  of  de- 
flation concentrated  on  these  two  models  as  best  (W„)  and  worst 
(W^)  eases. 

T.\BLE  3. 

Number  of  blue  crab  recruitment  indices  at  or  below  the  1977  to 

1992  year-class  median  (10.0  recruits  per  trawl)  and  above  the 

median  for  different  levels  of  spawner  biomass. 
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Figure  6.  Stock-recruitment  points  with  temporal  clusters  identified 
(ovals  and  polygon).  Year  when  spawning  stock  was  measured  is  iden- 
tified on  plot.  Recruitment  was  measured  2  years  later. 

Zero  and  1-year  lags  were  used  to  calculate  SBR  based  on 
associations  of  medium  and  mature  blue  crab  indices.  The  1976 
year-class  (in  1977)  and  1986  to  1988  year-classes  (in  1987  to 
1988)  had  SBR  below  best  and  worst  case  deflation  thresholds 
(Fig.  7).  Spawner  biomass  fell  below  0.10  kg  during  1978  to  1982 
(except  1981)  and  during  1988  to  1989. 

I  identified  two  periods  of  SBR  (Fig.  7).  The  first  period,  la- 
beled historic  SBR  (SBR„).  encompassed  the  1976  to  1986  year- 
classes  and  was  bounded  by  SBR  below  1/A.  Estimates  of  SBRh 
(for  both  lags  combined)  during  this  period  were  lognormally  dis- 
tributed (mean  of  log^.-transformed  spawner  biomass  per  recruit  = 
-3.52.  SD  =  0.84).  Mean  SBR,,  was  0.030  kg  per  recruit:  75% 
were  below  0.047,  the  median  was  0.025.  and  25%  were  below 
0.018. 

The  second  and  current  SBR  period  (SBR^-)  included  the  1987 
to  1993  year-classes;  SBR^.  was  normally  distributed,  with  a  mean 
of  0.013  and  SD  of  0.005.  Spawner  biomass  per  recaiit  was  below 
1/A  during  1986  to  1988. 

Median  SBR  for  the  two  periods  was  superimposed  on  best- 
and  worst-case  stock-recruitment  curves  as  lines  beginning  at  the 
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origin  and  having  a  slope  of  l/SBRH„,edK.n  or  l/SBR^-,, 

best-case  stock-recruitment  relationship,  l/SBRH,„ed,,u,  intersected 


TABLE  4. 

Linear  and  nonlinear  Ricker  stock-recruitment  models  for  two 
measures  of  winter  temperature  (W). 


Model; 
W      Method 


Model  Parameters 


A  (SE) 


B  (SE) 


C (SE)        R- 


W  L-  LS  y.-^.SS  3.44  3.8.S  0.79  0.0001 

w"  L;LS  130.86  4.64  0.64  0.59  0.003 

w"  NL;S  99.40(16.29)  3.27(0.50)  2.89(0.65)  0.75  OOdOl 

w"  NL;N  95.56(17.35)  3.44(0.77)  3.84(0.70)  0-70  O.dOOl 

wl  NL;N  130.86(35.43)  4.64(1.20)  0.64(0.2!)  0.40  0.009 

w"  NL;  S  120.89  (.30.03)  3.96(0.90)  0.49(0.31)  0.42  0.006 


W ,  =  log,,  (mean  February  air  temperature/long-temi  February  mean;  W^ 
=  'mean  mid-February  to  mid-March  water  temperature/long-term  mid- 
Fehruary  to  mid-March  mean).  Model:  L  =  linear  regression;  NL  = 
nonlinear  regression.  Method:  LS  =  least-squares;  N  =  Newton;  S  = 
Secant.  Asymptotic  standard  errors  are  in  parentheses  for  parameters  esti- 
mated by  nonlinear  regression. 
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Figure  7.  Spawner  biomass  per  recruit  (S/R)  for  the  1976  to  1993 
year-classes.  No  lag  =  recruit  and  spawner  hiomass  indices  in  the  same 
year.  Lag  1  year  =  recruit  index  in  year  t  and  spauner  biomass  index 
in  t  +  1.  Range  in  deflation  thresholds  (l/A)  for  best-  and  worst-case 
stock-recruitment  models  in  indicated  by  horizontal  rectangle.  Note 
log,,,  scale  on  1-axis. 

the  stock-recruitment  curve  near  the  point  of  maximum  recruit- 
ment (Fig.  8).  The  harvest  pattern  that  produced  SBRn„,^,j,^  pro- 
vided near  optimum  long-term  recruitment.  Mean  spawner  bio- 
mass was  reduced  from  approximately  0.26  kg  under  the  historic 
harvest  pattern  to  0.12  kg  under  the  current  harvest  pattern  that 
produced  SBR^-rn^.j,^,,;  mean  recruitment  declined  ^9c.  from  10.4  to 
9.5  medium  blue  crabs  per  trawl  (Fig.  8). 

In  the  worst-case  stock-recruitment  relationship.  l/SBRHmcd,.in 
also  intersected  the  stock-recruitment  curve  near  the  point  of 
maximum  recruitment  (Fig.  9).  Under  the  current  harvest  pattern. 
SBRc„,^,j,3„  intersected  the  worst-case  stock-recruitment  curve 
near  l/A.  Mean  spawner  biomass  was  reduced  from  approximately 
0.29  kg  under  the  historical  harvest  pattern  to  0.10  kg.  and  mean 
recruitment  declined  249f .  from  10.2  to  7.5  medium  blue  crabs  per 
trawl  (Fig.  9). 

The  risk  of  stock  deflation  under  the  current  harvest  pattern  was 
greater  than  under  the  historic  pattern.  The  chance  that  SBR  would 
fall  below  l/A  under  the  historical  harvest  pattern  was  69^  under 
the  best  case  stock-recruitnient  relationship  and  1 1%  in  the  worst 
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Figure  8.  Best-case  stock-recruitment  model  (black  curve)  with  in- 
verse of  median  current  and  historical  SBR  superimposed  as  R/S. 
Intersection  of  curve  and  line  is  the  center  of  spawner  biomass  and 
recruitment  under  that  har>est  pattern  under  steady  state  conditions. 
Maximum  R/S  is  the  slope  of  the  density-independent  term  (.A)  of  the 
stock-recruitment  relationship.  Spawner  biomass  where  maximum 
mean  recruitment  occurs  is  indicated  by  a  square. 
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Figure  9.  Worst-case  stock-recruitment  model  (black  curve)  with  in- 
verse of  median  current  and  historical  SBR  superimposed  as  R/S. 
Intersection  of  curve  and  line  is  the  center  of  spawner  biomass  and 
recruitment  under  that  harvest  pattern  under  steady-state  conditions. 
Maximum  R/S  is  the  slope  of  the  density-independent  term  {.\)  of  the 
stock-recruitment  relationship.  Spawner  biomass  where  maximum 
mean  recruitment  occurs  is  indicated  by  a  square. 


case.  Under  current  conditions,  the  chance  of  deflation  was  14%  in 
the  best  case  and  28%  in  the  worst  case. 

DISCUSSION 

I  have  inferred  an  increase  in  exploitation,  coinciding  with 
rising  blue  crab  fishery  value  and  falling  oyster  fishery  value, 
during  the  mid  to  late  1980s  from  decreasing  SBR  (I  assumed 
natural  mortality  was  constant).  The  oyster  fishery,  once  Mary- 
land's most  valuable  commercial  fishery,  fell  to  a  value  roughly 
equal  to  the  crab  fishery  by  1986  (Fig.  10).  In  1987.  crab  fishery 
value  was  twice  the  oyster  fishery's,  and  this  disparity  continued  to 
grow  (Fig.  10).  The  economic  life  of  watermen  changed  to  follow 
blue  crabs  rather  than  oysters,  leading  to  a  fishery  that  harvested 
longer  and  harder.  Recreational  harvest  pressure  presumably  in- 
creased with  population  growth  in  the  bay  region  (Sauls  et  al. 
1995).  further  increasing  exploitation. 

Below  average  harvests  have  become  frequent.  Maryland  hard 
crab  landings  have  met  the  1981  to  1995  mean  (2.1  x  10"*  metric 
tons;  commercial  records  prior  to  1981  are  not  comparable)  once 
(1991)  and  exceeded  it  once  (1993)  since  1987.  Harvesters  in 
Maryland  have  become  more  dependent  on  female  hard  crabs  to 


Figure  10.  Oyster  and  crab  fishery   value  as  a  percentage  of  total 
Maryland  Chesapeake  Bay  commercial  fishery  landings  value. 
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maintain  landings.  During  1982  to  1991,  female  landings  were 
43-64%  of  male  harvest  (mean  =  51%),  but  during  1992  to  1994, 
female  harvest  was  66-75%  of  male  landings.  Numbers  of  crab 
pots  reported  set  in  Maryland  during  1993  and  1994  were  42%  and 
33%  greater,  respectively,  than  the  1987  to  1992  average  (Sauls  et 
al.  1995).  Recent  increases  in  effort  do  not  coincide  with  increased 
recruitment  as  measured  by  the  summer  trawl  survey.  Increased 
effort  without  increased  numbers  of  blue  crabs  may  represent  a 
change  in  the  "steady  state"'  of  the  cunent  harvest  pattern,  lead  to 
lower  spawner  biomass  per  recruit,  an  increa.sed  risk  of  deflation, 
and  a  more  protracted  recovery  period  for  spawner  biomass. 
Spawner  biomass  per  recruit  was  sufficient  under  the  historic  har- 
vest pattern  (at  a  presumed  lower  level  of  exploitation)  to  revive 
spawning  stock  and  the  fishery  quickly. 

Size  composition  of  a  population  is  clearly  related  to  total 
mortality,  the  lower  the  mortality,  the  more  old,  therefore,  large 
blue  crabs  there  will  be  (Gulland  1983).  Increased  exploitation  in 
the  late-1980s  was  reflected  by  erosion  of  legal-size  male  hard 
crab  mean  CW  (Fig.  1 1 ).  Mean  CW  of  legal  male  hard  crabs 
generally  rose  during  1977  to  1986  (historic  harvest  pattern)  and 
then  declined  through  1995  (current  harvest  pattern:  Fig.  1 1 ).  Male 
hard  crabs  are  more  desired  by  harvesters,  because  they  bring  a 
higher  price  from  buyers.  This  trend  in  male  mean  CW  was  in 
phase  with  recruitment-recruitment  and  mean  CW  were  high  dur- 
ing the  same  time  periods.  Increasing  recruitment  should  nega- 
tively bias  estimates  of  mean  CW,  and  decreasing  recruitment 
should  increase  CW.  Mean  CW  of  mature  females  (any  mature 
female  is  legal)  has  fluctuated  greatly,  and  a  trend  is  difficult  to 
discern;  however,  mature  female  mean  CW  was  lowest  when  SBR 
was  low.  Maturation  at  a  reduced  size  may  have  been  a  response 
to  a  decline  in  population  size  (Trippel  1995).  Mean  CW  of  males 
has  been  consistently  below  that  of  females  since  1990.  Prior  to 
1990,  male  mean  CW  was  nearly  always  the  same  or  greater  than 
those  of  females.  This  trend  in  male  mean  length  reflected  their 
potential  to  grow  at  maturity.  Females  ceased  growing  at  maturity 
(Van  Engel  1958),  and  harvest  would  not  have  affected  their  mean 
CW.  because  they  had  already  realized  their  growth  potential. 

I  used  SBR  and  changes  in  mean  size  as  indicators  of  fishing 
mortality  and  did  not  calculate  it  directly.  Crabs  cannot  be  aged 
from  hard  parts,  so  age-based  estimates  of  fishing  mortality  could 
not  be  calculated.  Length-based  estimates  of  fishing  mortality 
would  have  been  dependent  on  a  good  independent  estimate  of  L>-, 
growth  following  a  von  Bertalanffy  model  (to  estimate  K).  and  a 
stock  at  equilibrium  (Hilbom  and  Walters  1992).  Determining  the 


1977  1979   1981    1983   1985   1987   1989   1991   1993   1995 
YEAR 

Figure  1 1.  Mean  length  of  legal  size  male  blue  crabs  in  1977  to  1995 
trawl  surveys. 


suitability  of  estimates  of  L^  and  the  von  Bertalanffy  model  for 
blue  crabs  is  problematic.  Rapid  shifts  in  population  status  did  not 
indicate  a  population  at  equilibrium. 

It  is  possible  that  reporting  of  female  crabs  as  female  hard  crabs 
rather  than  culls  (blue  crabs  of  poor  quality  and  marketability)  has 
gone  up  as  their  market  value  has  increased.  This  change  in  re- 
porting habits  would  introduce  positive  bias  in  estimates  of  fe- 
males landed.  Changes  in  SBR  from  this  fishery  will  not  become 
evident  for  several  years  to  judge  whether  increased  female  land- 
ings reflect  increased  removals  from  the  population. 

Harvest  of  a  fluctuating  resource,  such  as  crabs,  can  be  subject 
to  a  ratchet  effect:  during  relatively  stable  periods  of  high  abun- 
dance (niid-1980s),  harvest  rates  and  effort  stabilize  at  a  level  that 
is  excessive  when  abundance  becomes  normal  or  below  normal 
(Ludwig  et  al.  1993).  When  the  population  is  less  abundant 
(1990s),  this  previously  "normal"  level  of  exploitation  results  in 
overharvest  (Ludwig  et  al.  1993).  Estimated  number  of  crab  pots 
held  steady  in  Maryland's  portion  of  Chesapeake  Bay  during  the 
early  1980s  through  1992  and  then  increased  despite  a  shift  from 
higher  to  lower  abundance  during  the  late  1980s  (Sauls  et  al. 
1995).  Blue  crab  population  levels  in  Chesapeake  Bay,  as  indi- 
cated by  fishery-independent  Maryland  and  Virginia  trawl  surveys. 
do  not  vary  about  some  equilibrium  level,  rather  they  undergo 
long-term  fluctuations  in  response  to  the  effect  of  periodic  envi- 
ronmental changes  (Lipcius  and  Van  Engel  1990),  one  of  which 
may  be  winter  temperatures. 

The  1977  to  1979  year-classes  were  subject  to  the  lowest  winter 
temperatures  of  the  Maryland  trawl  survey  time  series  and  spawner 
biomass  during  1978  to  1982  (except  1981)  was  low.  Recruitment 
indices  produced  by  these  year-classes  were  clustered  near  the 
origin  of  the  stock-recruitment  relationship.  Spawner  biomass  per 
recruit  was  generally  high,  and  spawning  stock  rebuilt  rapidly  after 
1982  and  remained  high  through  1987.  High  spawner  biomass 
produced  some  strong  year-classes  (exceeding  the  mean  by  40%) 
during  this  period.  Colder  than  normal  winter  temperatures  in- 
duced deflation  during  1987;  SBR  was  low.  and  spawning  stock 
rebuilt  slowly  through  the  mid  1990s.  Spawner  biomass  indices 
were  below  or  near  the  critical  threshold  (0.1  kg)  during  1988  to 
1992,  and  recruitment  was  near  average;  no  strong  year-classes 
were  produced. 

Annual  abundance  of  blue  crabs  in  York  River,  Virginia,  trawl 
surveys  varied  by  over  an  order  of  magnitude  and  such  fluctuations 
have  been  observed  elsewhere  in  Chesapeake  Bay  (Lipcius  and 
Van  Engel  1990).  Population  abundance  in  the  York  River 
(Lipcius  and  Van  Engel  1990)  and  in  Maryland's  portion  of  Chesa- 
peake Bay  (this  study)  generally  remained  consistently  high  or  low 
for  2  or  more  years  before  changing.  Lipcius  and  Van  Engel  ( 1990) 
suggested  this  recruitment  pattern  reflected  either  internal  popula- 
tion feedback  mechanisms  (such  as  cannibalism)  or  environmental 
control  through  periodic  climatic  factors. 

Variation  in  blue  crab  recruitment  in  Maryland's  portion  of 
Chesapeake  Bay  during  1977  to  1995  was  associated  with  tem- 
perature conditions  during  the  previous  winter.  Occasional  low 
blue  crab  landings  have  been  blamed  on  cold  winters  for  over  a 
century  (Van  Heukelem  1991).  Dredge  surveys  during  February 
and  March  following  the  severe  winter  of  1976  to  1977  revealed 
that  the  combined  mortality  of  immature  and  mature  blue  crabs  at 
128  stations  in  Chesapeake  Bay  was  48%^;  a  higher  fraction  of 
adults  died  than  immature  blue  crabs.  Blue  crabs  less  than  15  mm 
were  less  tolerant  of  low  temperatures  at  low  salinities  in  long- 
term  survival  tests  (Van  Heukelem  1991).  Salinity  in  the  Chesa- 


Stability  of  the  Blue  Crab  Stock  in  Maryland 


527 


peake  Bay  varies  from  freshwater  at  the  mouth  of  the  Susquehanna 
River  to  seawater  strength  at  the  mouth  of  the  bay  (Briclcer  and 
Troup  1975);  salinities  in  Maryland's  portion  of  Chesapeake  Bay 
are  generally  lower  than  in  Virginia's  portion.  In  the  upper  Chesa- 
peake Bay  and  in  each  of  the  tributary  estuaries,  there  are  consid- 
erable seasonal  variations  in  salinit\  that  diminish  in  magnitude 
toward  the  mouth  of  the  bay  (Pritchard  1952).  Lower  salinities  and 
greater  variation  in  salinity  may  result  in  winter  temperatures  im- 
pacting recruitment  in  the  upper  Chesapeake  Bay  (Maryland!  more 
than  in  the  lower  bay  (Virginia).  The  combined  effect  of  winter 
temperature  and  salinity  was  not  tested  in  this  analysis.  Environ- 
mental factors  that  affect  dynamics  of  pelagic  larvae,  physico- 
chemical  conditions,  and  food  availability  would  contribute  sig- 
nificantly to  recruitment  variability  as  well  (Goodrich  et  al.  1989. 
Jones  et  ai.  1990.  Lipcius  and  Van  Engel  1990). 

Ulanowicz  et  al.  (1982)  applied  regression  analysis  to  lagged 
water  temperature,  air  temperature,  salinity,  precipitation  data,  and 
blue  crab  landings  but  were  unable  to  identify  environmental  fac- 
tors related  to  harvest.  Tang  (1985)  incorporated  radiant  energy. 
flow,  salinity,  and  water  temperature  into  a  Ricker  stock- 
recruitment  model  that  used  winter  dredge  landings  in  year  t  as 
stock  size  and  August  to  March  bay  wide  landings  in  year  t  -i-  1, 
converted  to  numbers,  as  recruits  (Tang  1985).  However.  Lipcius 
and  Van  Engel  ( 1990)  found  that  a  Ricker  model  of  the  same  data 
with  the  environmental  factors  removed  yielded  equivalent  param- 
eter estimates  and  a  better  fit  and  warned  that  the  incorporation  of 
environmental  variables  in  blue  crab  stock-recruitment  analyses 
was  unwarranted  without  further  analysis.  Correlation  and  regres- 
sion studies  that  match  recruitment  to  lagged  environmental  vari- 
ables often  fail  to  demonstrate  life  stages  affected,  proper  scale  of 
each  climatic  event,  and  whether  these  variables  were  proximal  or 
ultimate  determinants  of  year-class  strength  (Crecco  et  al.  1986).  A 
more  useful  approach  to  climate-tlsheries  studies,  taken  in  this 
study,  is  to  offer  a  working  hypothesis  and  test  its  validity  (Crecco 
and  Savoy  1984). 

Spawner  biomass  indices  fluctuated  eightfold  during  1977  to 
1994.  Hilbom  and  Walters  (1992)  found  that  if  spawning  stock 
varied  by  two  to  fourfold,  severe  biases  could  result  in  stock- 
recruitment  parameters.  If  small  stocks  were  approximately  10% 
of  the  largest  stock,  biases  were  of  little  concern  (Hilbom  and 
Walter  1992).  The  smallest  spawner  biomass  index  was  12%  of  the 
largest  in  the  summer  trawl  survey.  Biases  almost  always  have  the 
same  effect — they  make  recruitment  seem  less  affected  by  stock 
size  than  it  really  is  and  underestimate  optimum  stock  size  (Hil- 
bom and  Walters  1992). 


Significant  Ricker  stock-recmitment  models  have  been  found 
for  blue  crabs  in  the  Chesapeake  Bay  (Tang  1985),  Virginia's 
portion  of  the  Chesapeake  Bay  (Lipcius  and  Van  Engel  1990),  the 
Delaware  Bay  (trawl  survey  data;  D.  Kahn,  Delaware  Division  of 
Fish  and  Wildlife,  pers.  comm.).  and  Maryland's  portion  of  the 
Chesapeake  Bay.  The  Delaware  Bay  and  Virginia  Chesapeake  Bay 
models  exhibited  a  greater  degree  of  decline  in  recmitment  at  high 
stock  sizes  than  was  evident  in  Maryland,  which  may  reflect  dif- 
ferences in  capacity  and  recruitment  mechanisms  among  regions. 
Differences  may  also  have  arisen  from  using  numbers  of  mature 
crabs  per  trawl  in  Virginia  and  Delaware  versus  spawner  biomass 
in  Maryland  and  the  incorporation  of  winter  temperature  into 
Maryland's  model.  However,  recmitment  at  high  stock  size  is  not 
a  current  management  issue.  How  low  stock  size  can  go  before 
recruitment  fails  is  the  relevant  question,  and  these  stock- 
recmitment  relationships  imply  that  a  collapse  can  occur. 

A  Chesapeake  Baywide  stock-recmitment  relationship  was  in- 
dicated by  Tang  ( 1985);  whereas.  Lipcius  and  Van  Engel's  ( 1990) 
and  this  analysis  was  spatially  confined  to  Virginia's  or  Mary- 
land's portion  of  the  Chesapeake  Bay,  respectively.  Annual  rela- 
tive abundance  of  comparable  size  groups  in  Maryland  and  Vir- 
ginia fishery-independent  trawl  surveys  were  not  associated,  and 
this  lack  of  coherence  does  not  support  a  single  baywide  stock- 
recmitment  relationship.  Correlations  of  1979  to  1994  Maryland 
and  Virginia  (Bonzek  et  al.  1995;  Lipcius  et  al.  1995)  annual 
indices  of  blue  crab  relative  abundance  were  not  significant  for 
small  (r  =  0.44,  p  =  .09)  or  medium  (r  =  0.19.  p  =  .49)  blue 
crabs,  or  mature  females  (r  =  -0.13.  p  =  .63).  indicating  spatially 
explicit  trends  in  relative  abundance.  However,  removal  of  a  single 
year  ( 1980)  in  the  correlation  analysis  of  small  crab  relative  abun- 
dance produced  a  significant  association  (r  =  0,52,  p  =  .05) 
between  areas  and  suggested  that  differences  in  relative  abundance 
became  pronounced  in  larger,  older  stages. 

ACKNOWLEDGMENTS 

J.  Casey.  B.  Davis,  and  G.  Da\is  of  the  Maryland  Department 
of  Natural  Resources  provided  invaluable  assistance.  My  appre- 
ciation is  extended  to  the  following  colleagues  at  the  Chesapeake 
Biological  Laboratory;  B.  Millsaps  for  providing  water  tempera- 
ture data;  T.  Miller  for  invaluable  suggestions  and  assistance  with 
nonlinear  stock-recmitment  analyses;  and  E.  Houde  for  comments 
on  an  eariy  version  of  this  analysis.  D.  Kahn.  Delaware  Division  of 
Fish  and  Wildlife,  is  thanked  for  his  comments  on  an  earlier  ver- 
sion, as  well. 


LITERATURE  CITED 


Beddington,  J.  R.,  A.  A.  Rosenberg.  J.  A.  Crombie  &  G.  P.  Kirkwood. 
1990.  Stock  assessment  and  the  provision  of  management  advice  for 
the  short  t~in  squid  fishery  in  Falkland  Islands  waters.  Fish.  Res.  8:351- 
365. 

Bonzek.  C.  P.  J.  Geer  &  H.  Austin.  1995.  VIMS  juvenile  fish  trawl  survey: 
Juvenile  indices  1979-1994.  Virginia  Institute  of  Marine  Science. 
VSG-95-02.  Gloucester  Point,  Virginia. 

Bricker,  O.  P.  &  B.  N.  Troup.  1975.  Sediment-water  exchange  in  Chesa- 
peake Bay.  pp.  3-27.  In  L.  E.  Cronin  (ed.).  Estuarine  Research,  vol.  I. 
Academic  Press,  New  York. 

Casey,  J.  P.,  B.  K.  Daugherty.  G.  R.  Davis  &  J.  H.  Uphoff  I99I.  Stock 
assessment  of  the  blue  crab  in  Chesapeake  Bay.  I  July  1990-30  Sep- 
tember 1 99 1.  Maryland  Department  of  Natural  Resources.  Annapolis, 
Maryland. 


Crecco,  V.  A.  &  T.  F.  Savoy.  1984.  Effects  of  fluctuations  in  hydrographic 
conditions  on  year-class  strength  of  American  shad  {Alosa  sapidissima) 
in  the  Connecticut  River.  Can.  J.  Fish.  Aq.  Sci.  41:1216-1223. 

Crecco,  V.  A..  T.  F.  Savoy  &  W.  Whitworth.  1986.  Effects  of  density- 
dependent  and  climatic  factors  on  American  shad.  Alosa  sapidissima. 
recruitment:  A  predictive  approach.  Can.  J.  Fish.  Aq.  Sci.  43:457-463. 

Davis,  G.  R.,  B.  K.  Daugherty  &  J.  F.  Casey.  1995.  Analysis  of  blue  crab. 
Callinecies  sapidus.  stocks  in  the  Maryland  portion  of  the  Chesapeake 
Bay  from  summer  u-awl  data.  Maryland  Department  of  Natural  Re- 
sources, Annapolis.  Maryland. 

Edgington.  E.  S.  1995.  Randomization  Tests.  Marcel  Dekker  Inc.,  New 
York. 

Fogarty.  M.  J..  A.  A.  Rosenberg  &  M.  P.  Sissenwine.  1992.  Fisheries  risk 
assessment:  Sources  of  uncertainty.  Environ.  Sci.  Techno/.  26:440-447. 


528 


Uphoff 


Fruend.  R.  J.  &  R.  C.  Littel.  1991.  SAS  system  for  regression.  2nd  ed.  SAS 
Institute  Inc..  Cary,  North  Carolina. 

Gabriel,  W.  L..  M.  P.  Sissenwine  &  W.  J.  Overholtz.  1989.  Analysis  of 
spawning  stock  biomass  per  recruit:  An  example  for  Georges  Bank 
haddock.  N.  Am.  J.  Fish.  Manage.  9:383-391. 

Goodrich.  D.  M..  J.  van  Montfrans  &  R.  J.  Orth.  1989.  Blue  crab  megalopal 
influ.x  to  Chesapeake  Bay:  Evidence  for  a  wind-driven  mechanism. 
Est..  Coastal  Shelf  Set.  29:247-260. 

Goodyear.  C.  P.  1993.  Spawning  stock  biomass  per  recruit  in  fisheries 
management:  Foundation  and  current  use.  Can.  Spec.  Piibl.  Fish.  .Aq. 
Sci.  120:67-81. 

Gulland.  J.  A.  1983.  Fish  stock  assessment,  vol.  1.  Wiley.  New  York. 

Hilbom.  R.  &  C.  J.  Walters.  1992.  Quantitative  fisheries  stock  assessment: 
Choice.  Dynamics  and  Uncertainty.  Chapman  &  Hall.  New  York. 

Hines.  A.  H..  R.  N.  Lipcius  &  A.  M.  Haddon.  1987.  Population  dynamics 
and  habitat  partitioning  by  size.  sex.  and  molt  stage  of  blue  crabs  in  a 
subestuary  of  central  Chesapeake  Bay.  Mar.  Eeol.  Prog.  Series  36:55- 
64. 

Hoff,  J.  C.  1983.  A  practical  guide  to  Box-Jenkins  Forecasting.  Lifetime 
Learning  Publications,  Belmont.  California. 

Homick.  H.  T..  R.  C.  Dintamin  &  V.  Fay.  1988.  Stock  assessment  of  blue 
crab  iCallinectes  sapidiis)  and  weakfish  [Cyno.scion  regalis)  in  Mary- 
land's Chesapeake  Bay.  Maryland  Department  of  Natural  Resources. 
Annapolis,  Maryland. 

Jones,  C.  M..  J.  R.  McConaugha.  P.  J.  Geer  &  M.  H.  Prager.  1990.  Esti- 
mates of  spawning  stock  size  of  blue  crab.  Callinectes  sapidns.  in  the 
Chesapeake  Bay.  1986-1987.  Bidl.  Mar  Sci.  46:159-169. 

Lipcius.  R.  N.  &  W.  A.  Van  Engel.  1990.  Blue  crab  population  dynamics 
in  the  Chesapeake  Bay:  Variation  in  abundance  (York  River.  1972- 
1988)  and  stock-recruitment  functions.  Bull.  Mar.  Sci.  46:180-194. 

Lipcius.  R.  N..  J.  van  Montfrans.  K.  S.  Metcalf.  M.  M.  Montane.  R.  J.  Orth 
&  R.  D.  Seitz.  1995.  Status  of  the  blue  crab  stock.  Crustacean  Ecology 
Program  Tech.  Rept.  1995  (8).  Virginia  Institute  of  Marine  Science. 
Gloucester  Point.  Virginia. 

Ludwig,  D..  R.  Hilbom  &  C.  Walters.  1993.  Uncertainty,  resource  exploi- 
tation, and  conservation:  Lessons  from  history.  Science  260:17.36. 

Prager.  M.  H..  S.  B.  Saila  &  C.  W.  Recksiek.  1989.  FISHPARM:  A  mi- 
crocomputer program  for  parameter  estimation  of  nonlinear  models  in 
fishery  science,  2nd  ed.  Old  Dominion  University  Oceanography  Tech. 
Rept.  87-10. 

Pritchard.  D.  W.  1952.  Salinity  distribution  and  circulation  in  the  Chesa- 
peake Bay  estuarine  system.  /  Mar.  Res,  11:106-123. 


Ricker.  W.  E.  1975.  Computation  and  interpretation  of  biological  statistics 
of  fish  populations.  Fish.  Res.  Board  Can.  Bull.  191:345-352. 

Rothschild.  B.  J..  J.  S.  Ault  &  eight  coauthors.  1992.  Assessment  of  the 
Chesapeake  Bay  blue  crab  stock.  University  of  Maryland.  Chesapeake 
Biological  Laboratory.  UMCEES|CBL]92-082.  Solomons.  Maryland. 

SAS  Institute  Inc.  1987.  SAS  System  for  Elementary  Statistical  Analysis. 
Cary.  North  Carolina. 

SAS  Institute  Inc.  1988.  SAS  User's  Guide:  Statistics.  Version  5  ed.  Cary, 
North  Carolina. 

Sauls.  B..  H.  Speir.  M.  Whilden  &  T.  O'Connell.  1995.  A  summary  of  blue 
crab  information.  Edition  11.  Tidal  Fisheries  Tech.  Rept.  15.  Maryland 
Department  of  Natural  Resources.  Annapolis.  Maryland. 

Sheperd.  J.  G.  1982.  A  versatile  new  stock-recruitment  relationship  for 
fisheries  and  the  construction  of  sustainable  yield  curves.  ,/.  Cons.  Int. 
Explor  Mer.  40:67-75. 

Sissenwine.  M.  P.  &  J.  G.  Sheperd.  1987.  An  alternative  perspective  on 
recruitment  overfishing  and  biological  reference  points.  Can.  J.  Fish. 
Aq.  Sci.  44:913-918. 

Tang,  Q.  1985.  Modification  of  the  Ricker  stock  recruitment  model  to 
account  for  environmentally  induced  variation  in  recruitment  with  par- 
ticular reference  to  the  blue  crab  fishery  in  the  Chesapeake  Bay.  Fish. 
Res.  3:13-21. 

Trippel.  E.  A.  1995.  Age  at  maturity  as  a  stress  indicator  in  fisheries. 
Bioscience  AS:1 59-11  \. 

Ulanowicz.  R.  E..  M.  L.  Ali.  A.  Vivian.  D,  R.  Heinle.  W.  A.  Richkus  & 
J.  K.  Summers.  1982.  Identifying  climatic  factors  influencing  commer- 
cial fish  and  shellfish  landings  in  Maryland.  Fish.  Bull.  80:611-619. 

Uphoff  J.  H..  J.  F.  Casey.  B.  Daugherty  &  G.  Davis.  1993.  Maryland's 
blue  crab  peeler  and  soft  crab  fishery:  Problems,  concerns,  and  solu- 
tions. Tidal  Fisheries  Tech.  Rept.  Series  9.  Maryland  Department  of 
Natural  Resources,  Annapolis,  Maryland. 

Van  Engel.  W.  A.  1958.  The  blue  crab  and  its  fishery  in  the  Chesapeake 
Bay.  Part  1:  Reproduction,  early  development,  growth  and  migration. 
Comm.  Fish.  Rev.  20:6-17. 

Van  Heukelem.  W.  F.  1991.  Blue  crab.  Callinectes  sapidus.  pp.  6-1-6-24 
In:  S.  L.  Funderburk.  J.  A.  Mihursky.  S.  J.  Jordan,  and  D.  Riley  (eds.). 
Habitat  Requirements  for  Chesapeake  Bay  Resources.  Chesapeake  Bay 
Program,  Annapolis.  Maryland. 

Walters.  C.  J.  &  D.  Ludwig.  1981.  Effects  of  measurement  errors  on  the 
assessment  of  stock-recruitment  relationships.  Can.  J.  Fish.  Ac/.  Sci. 
38:704-710. 


JdiiiikiI  of  Shellfish  Ri-scanh.  Vol.  17.  No.  2.  529-541.  1998. 

DEVELOPMENT  OF  LIFE-STAGE-SPECIFIC  INDICES  OF  RELATIVE  ABUNDANCE  AND 
STOCK-RECRUITMENT  RELATIONSHIPS  FOR  THE  DELAWARE  BAY  BLUE  CRAB  STOCK 
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STEWART  F.  MICHELS,  AND  WILLIAM  H.  WHITMORE 
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Little  Creek.  Delaware  19961 

ABSTRACT  We  analyzed  18  years  of  research  trawl  data  from  Delaware  Bay  to  assess  the  life  history,  stock-recruitment  relations 
and  trends  in  abundance  of  blue  crabs.  Six  indices  of  relative  abundance  were  developed:  the  young  of  the  year  index,  the  index  of 
recruits,  the  index  of  large  crabs,  the  year-class  index  of  large  crabs,  the  index  of  spawning  stock  (ISS)  and  the  index  of  spawning  stock 
biomass  (ISSB).  The  index  of  recruits  and  the  index  of  large  crabs  were  validated  against  commercial  landings  data.  The  indices  show 
that  the  stock  was  at  relatively  low  abundance  for  the  first  7  years,  then  climbed  to  higher  abundance  in  the  mid-1980s.  A  positive  trend 
in  the  index  of  recruits  and  the  index  of  large  crabs  was  detected  during  the  18-year  time  series;  there  was  no  trend  in  the  young  of 
year  (YOY)  index.  Over  the  last  decade,  the  indices  of  spawning  stock  and  spawning  stock  biomass  have  shown  significant  declining 
trends.  The  YOY  index  is  a  significant  predictor  of  indices  of  later  life  stages,  with  a  cunilinear  model  producing  the  best  fit.  indicating 
that  density-dependent  mortality  occurs  between  the  YOY  stage  and  the  recruit  and  large  crab  stages.  The  index  of  recruits  predicts 
the  index  of  large  crabs.  No  relation  was  detected  between  any  index  and  the  index  of  spawning  stock  biomass.  Removal  of  one 
datapoint  gave  a  significant  fit  to  both  a  linear  regression  of  recruits  on  two  measures  of  spawning  stock  size  and  a  nonlinear  Ricker 
stock-recruitment  model.  These  two  models  have  significantly  different  management  implications.  We  also  discuss  the  implications 
of  continental  shelf  dispersal  of  larvae  for  stock-recruitment  relations. 

KEY  WORDS:  Width-frequency  distributions,  stock-recruit  relationships,  trawl  indices  of  relative  abundance,  validation  of  relative 
abundance  indices.  Delaware  Bay.  growth  stages,  life  history,  blue  crab.  Callinectes  sapidus 


INTRODUCTION 

The  blue  crab  fishery  in  the  Delaware  Bay  is  the  most  valuable 
commercial  fishery  in  Delaware  (Cole  1998).  The  seasonal  pro- 
gression of  the  fishery  begins  with  a  winter  dredge  fishery  that 
targets  females  in  deeper  bay  waters.  A  spring  pot  fishery  is  di- 
rected primarily  at  females.  Once  females  begin  to  produce  eggs  in 
late  spnng  or  early  summer,  they  are  protected  from  harvest.  The 
fishery  then  begins  to  focus  on  peelers,  which,  again,  are  primarily 
females.  Pots  are  baited  with  mature  males  to  attract  females  look- 
ing for  mates.  Once  immature  crabs  mature  to  legal  size,  the  hard 
crab  fishery  targeting  males  peaks  in  midsummer  through  early 
fall.  The  fishery  is  recruit-driven  to  a  great  extent,  because  land- 
ings usually  increase  as  a  new  year-class  recruits  into  the  fishery. 
There  is  also  a  recreational  fishery,  which  is  currently  the  object  of 
a  survey  by  the  Delaware  Division  of  Fish  and  Wildlife  (DDFW; 
Cole  at  al.  1996).  The  stock  is  subject  to  a  bistate  fishery,  because 
New  Jersey  has  a  similar  fisher>'. 

Current  conservation  measures  include  a  127  mm  (5  in)  cara- 
pace width  (CW)  minimum  size  for  hard  crabs,  a  76  mm  (3  inl  CW 
minimum  size  for  peelers,  a  ban  on  capture  of  egg-bearing  females 
(sponge  crabs),  a  restricted  season  for  the  winter  dredge  fishery 
from  mid-December  through  March,  and  a  200  pot  limit  per  li- 
cense. In  addition,  a  cap  on  licenses  for  the  pot  fishery  has  been  in 
effect  since  1990.  Recent  legislation  allows  up  to  ."iOO  pots  per  boat 
if  three  licensees  or  their  designees  fish  from  one  boat.  The  fishery 
has  increasingly  targeted  females  in  the  autumn  because  of  rising 
demand  spurred  partly  by  Asian  and  West  Coast  markets.  This 
trend  of  increases  in  female  landings,  along  with  rising  effort 
levels,  has  raised  concerns  about  the  level  of  effort  this  stock  can 
sustain  (Cole,  this  volume). 

The  recent  history  of  the  fishery  includes  strong  density- 
independent  effects  from  severe  winter  mortality.  The  blue  crab 
ranges  from  Uruguay  to  the  state  of  Massachusetts,  with  a  center 
of  distribution  in  the  tropics  and  is  vulnerable  to  low  winter  tem- 


peratures. Severe  winters,  such  as  that  of  1996.  result  in  large 
increases  in  overwinter  mortality  of  mature  crabs,  as  reported  by 
participants  in  the  winter  dredge  fishery  (DDFW  unpublished 
data).  In  1977  and  1978.  two  severe  winters  occurred.  Landings  in 
1977  dropped  to  less  than  one-third  of  the  previous  2  years  and 
remained  low  for  the  next  8  years  (Cole  1998).  In  1985.  landings 
almost  tripled  from  levels  of  the  previous  8  years.  Peaks  occurred 
in  1990  and  again  in  1995.  Effort,  measured  in  boat-days,  in- 
creased almost  continuously  from  1984  through  1995.  Measures  of 
relative  exploitation  show  increasing  trends  (Cole  1998). 

Since  1978.  with  initial  technical  advice  from  W.  Van  Engle 
(Virginia  Institute  of  Marine  Sciences),  the  DDFW  has  conducted 
a  research  trawl  survey  in  the  Delaware  Bay.  Previously,  the  pri- 
mary use  of  these  data  in  blue  crab  management  has  been  short- 
term  forecasts  of  stock  abundance  and  fishery  prospects  based  on 
a  young  of  year  (YOY)  index  of  relative  abundance.  In  this  paper, 
we  develop  procedures  for  extracting  other  information  from  the 
research  trawl  data,  which  has  the  advantage  of  being  continuously 
comparable  for  21  years  (1978  to  1998).  We  constructed  monthly 
width-frequency  distributions  and  deduced  basic  life  history  pat- 
terns from  them.  We  then  computed  relative  abundance  indices  of 
several  life-stages,  based  on  this  understanding  of  blue  crab  life 
history.  Some  of  these  indices  were  validated  against  commercial 
landings  and  were  also  used  to  predict  indices  of  later  life  stages. 
Throughout,  we  have  attempted  to  follow  individual  cohorts  to  the 
extent  possible. 

A  stock-recruit  relationship  in  the  Chesapeake  Bay  was  re- 
ported by  Lipscius  and  Van  Engle  (1990).  based  on  research  trawl 
data.  They  stated  that  future  analyses  would  be  enhanced  in  accu- 
racy and  precision  if  developed  "using  size-specific  measures  of 
recruit  and  stock  abundance."  By  employing  two  of  our  relative 
abundance  indices,  we  explored  the  relationship  of  measures  of 
spawning  stock  abundance  to  subsequent  recruits.  We  tested  a 
"null"  model,  hypothesizing  no  compensatory  mortality  (Fogerty 
et  al.  1992).  and  two  stock-recruitment  models.  Ricker's  and  Bev- 
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erton-Holt's.  Using  parameter  estimates  from  the  Ricker  models, 
we  produced  estimates  of  a  limit  reference  point,  the  recruitment 
overfishing  threshold  (Caddy  and  Mahon  1995,  Mace  1994).  We 
discuss  the  potential  challenges  to  a  stock-recruitment  relationship 
for  the  Delaware  Bay  stock  posed  by  blue  crab  larval  dispersal 
over  the  continental  shelf  and  the  hypothesis  that  this  stock  is  part 
of  a  metapopulation  (Epifanio  1995).  A  stock-recruitment  rela- 
tionship implies  management's  need  to  conserve  spawning  stock 
levels.  Occasional  severe  winters,  however,  have  devastated  the 
spawning  stock.  Uninterrupted  maximum  sustained  yield  may, 
therefore,  be  unattainable. 

MATERIALS  AND  METHODS 

The  Delaware  Division  of  Fish  and  Wildlife  has  conducted  a 
research  trawl  survey  in  the  Delaware  Bay  from  1978  through  the 
present  (Michels  1996).  The  design  is  a  fixed  station  grid.  Sample 
stations  extend  from  the  Delaware  River  into  the  lower  bay  (Fig. 
1 ).  In  wider  areas  of  the  lower  bay,  sampling  is  conducted  in 
western  inshore  areas  of  the  bay.  Analysis  was  confined  to  data 
from  the  lower  26  "core"  stations,  which  have  been  sampled  since 
1978.  Ten-minute  tows  against  the  tide  were  conducted  once  a 
month  per  station  from  April  through  October. 

Sampling  was  conducted  on  a  7-m  (23-ft)  aluminum  V-hull 
boat  with  a  260  hp  I/O  and  a  hydraulic  net  winder.  A  10: 1  ratio  of 
line-out  was  adjusted  to  water  depth.  We  employed  a  4.9-m  ( 16-ft) 
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Figure  1.  ,Sumplin}>  sites  in  the  Delaware  Bay.  Data  used  in  the  analy- 
ses is  from  the  core  stations  sumple  since  program  inception  in  1978. 
These  are  numbered  in  the  unmarked  yrids. 


otter  trawl,  with  a  5.2-m  (17-ft)  headrope  and  a  6.4-m  (21-ft) 
footrope.  The  net  was  constructed  of  3.8-cm  (1.5-in)  stretch  mesh, 
with  a  cod  end  liner  of  1.3-cm  (0.5-in)  stretch  mesh. 

We  categorized  blue  crabs  into  three  sizes:  small  (less  than  60 
mm),  medium  (60  mm  to  less  than  120  mm)  and  large  (greater  than 
or  equal  to  1 20  mm).  These  size  categories  correspond  to  carapace 
widths  for  young  of  the  year,  peelers,  and  legal  hard  crabs.  All 
medium  and  large  crabs  were  measured  from  point  to  point  (CW) 
to  the  nearest  5-mm  measurement,  counted,  and  sexed.  Up  to  30 
small  crabs  per  tow  were  measured  and  sexed,  the  remainder  were 
counted.  For  width  frequency  analysis,  data  from  subsamples  was 
expanded  to  represent  the  unmeasured  small  crabs. 

Relative  abundance  indices  were  constructed  as  follows.  The 
geometric  mean  (GM)  catch  per  tow  (CPT)  of  small  crabs  from 
September  and  October  trawls  is  the  YOY  index.  For  the  index  of 
medium  crabs,  two  periods  were  explored.  The  first  was  the  GM 
CPT  of  medium  crabs  over  a  year.  Inspection  of  width  frequencies 
by  month  indicated  that  this  measure  confounded  2  year  classes, 
because  some  YOY  crabs  attain  medium  size  during  the  Septem- 
ber to  October  period.  The  index  of  mediums,  termed  the  index  of 
recruits  for  stock-recruitment  analysis,  was  then  restricted  to  the 
GM  CPT  of  mediums  from  April  through  August.  This  formula- 
tion improved  correlation  with  the  previous  year's  YOY  index. 
Although  the  peeler  fishery  harvests  medium  crabs,  it  is  primarily 
directed  toward  females  during  their  last  few  days  before  the  ter- 
minal molt.  Males  are  not  targeted  by  the  peeler  fishery.  Therefore, 
we  feel  removals  associated  with  this  fishery  have  little  effect  on 
our  index  of  recruitment. 

Initially,  the  index  of  large  crabs  was  the  GM  CPT  over  the 
entire  season  (April  to  October).  This  is  desirable  as  a  calendar 
year  index  of  the  mature  stock.  For  purposes  of  following  year 
classes,  however,  the  calendar  year  index  is  not  satisfactory,  be- 
cause it  confounds  two  primary  year-classes.  Width  frequency 
plots  indicated  new  recruits  grew  into  the  large  class  primarily 
beginning  in  July  and  August.  For  purposes  of  following  cohorts, 
we  developed  a  year-class  ( YC)  index  of  large  crabs,  using  the  GM 
CPT  from  July  through  October. 

Two  measures  of  spawning  stock  were  developed.  Width  fre- 
quency plots  Indicated  that  new  recniits  do  not  attain  large  size 
until  June,  at  the  earliest.  Any  large  females  captured  in  spring 
have  been  mature  at  least  since  the  previous  summer  and  will  be 
the  spawning  stock  the  following  summer  (Churchill  1921 ).  There- 
fore, we  used  trawl  data  on  mature  females  (sooks)  collected  in 
April  and  May  trawls.  The  index  of  spawning  stock  (ISS)  is  the 
arithmetic  mean  catch  per  tow  of  large  crabs  in  April  and  May. 
This  is  a  straightforward  and  robust  measure  of  spawning  stock, 
but  it  does  not  allow  for  differences  in  mean  fecundity  among 
years. 

If  female  blue  crabs  cease  growing  upon  attaining  sexual  ma- 
turity (Churchill  1921.  Van  Engle  1958).  the  age  of  a  spawner  may 
not  affect  its  biomass.  but  environmental  or  density  effects  could 
produce  differences  in  mean  size  among  cohorts.  Consequently, 
we  also  constructed  annual  indices  of  spawning  stock  biomass 
(ISSB).  Blue  crab  fecundity  is  intluenced  by  carapace  width 
(Prager  et  al.  1990).  We  converted  numbers  to  biomass  after  Up- 
hoff  ( 1995).  We  first  computed  the  average  carapace  width  of  the 
spring  sooks  for  each  year.  We  then  converted  mean  carapace 
width  per  year  to  mean  weight  by  a  model  for  female  Chesapeake 
Bay  blue  crabs  (Rothschild  et  al.  1992): 

weight  (gm)  =  3.4865  x  10"'  *CW(mm)-  '""'•'^ 
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where  CW  (mm)  is  carap;ice  w  idtli  iii  mm.  Next,  wc  converted  this 
estimate  of  mean  biomass  per  crab  into  the  mean  biomass  per  tow 
by  multiplying  it  by  the  arithmetic  CPT  of  mature  females  in  the 
April  and  May  trawls.  Finally,  this  estimate  was  converted  to 
kilograms  and,  for  convenience,  multiplied  by  ten,  to  get  kilograms 
per  ten  tows.  Note  that  the  ISSB  should  not  be  confused  with  a 
formal  Spawning  Stock  Biomass  Per  Recruit  model  (Gabriel  et  al. 
1989). 

Regression  analysis  for  validation  of  indices  with  commercial 
landings  and  effort  data  was  conducted  with  SAS.  Because  of 
correlations  among  variables,  we  checked  the  variance  inflation 
factors  and  an  analysis  of  eigenvalues  and  eigenvectors  of  the 
centered  variables  for  evidence  of  multicollinearity  (Freund  and 
Littell  1991 ).  There  was  no  such  evidence  in  any  multiple  regres- 
sions we  ran.  We  analyzed  the  ability  of  indices  to  predict  indices 
of  later  life  stages  with  SAS/INSIGHT. 

Stock-recruitment  modeling  was  conducted  using  EXCEL  and 
FISHPARM  (Saila  et  al.  1988).  which  carries  out  nonlinear  re- 
gression using  Marquardt's  algorithm.  Residuals  were  examined 
for  heterogeneity  of  variance  and  tested  for  normality  and  auto- 
correlation. Geometric  mean  CPT  measures  of  recruitment  pro- 
duced more  homogeneity  and  nonnality  than  did  arithmetic  mean 
CPT  measures.  Investigation  of  measures  of  recruitment  showed 
that  use  of  medium  stage  crabs  lagged  1  year  had  more  homoge- 
neous and  normal  residuals  than  did  YOY  stage  crabs.  No  evi- 
dence of  autocorrelation  of  residuals  was  found.  We  calculated  the 
coefficients  of  determination  by  the  formula. 


R-. 


l-S(.v-.v)- 
2(v-v)- 


which  is  formula  ( 1 )  of  Kvalseth  (1985). 

Jackknifmg  of  the  Ricker  stock-recruitment  models  was  con- 
ducted as  in  Sokal  and  Rohlf  ( 1995).  The  parameter  estimates  and 
standard  errors  were  calculated  as  the  mean  and  standard  errors, 
respectively,  of  the  pseudovalues. 

RESULTS 

Size  frequency  distributions  by  month  for  one  randomly  se- 
lected year-class.  1988.  are  shown  in  Figure  2.  Life  history  and 
growth  information  indicated  by  these  distributions  is  as  follows. 
The  new  year-class  appears  in  August  or  September  tows  as  small 
crabs.  By  October,  some  of  these  YOY  crabs  have  grown  to  me- 
dium size.  The  following  spring,  these  are  small  and  medium 
crabs.  By  June  of  some  years,  a  few  of  these  young  crabs  attain 
large  size.  The  majority  have  usually  attained  large  size  by  Octo- 
ber. A  minority  may  spend  their  second  winter  in  the  medium  size 
category. 

The  time  series  of  the  YOY  index  shows  recruitment  to  this 
stage  was  relatively  low  in  the  late  1970s  and  early  1980s,  then 
climbed  during  the  mid-1980s  through  the  1990s  (Fig.  3,  Table  1 ). 
There  was  no  statistically  significant  trend,  however,  probably 
because  of  the  high  variability. 

The  index  of  recruits  has  a  general  pattern  similar  to  the  YOY 
index,  although  variability  was  lower.  We  detected  a  significant 
positive  trend  in  this  index  (Fig.  4,  Table  1).  To  validate  the  index 
of  recruits,  we  employed  bivariate  correlations  and  multiple  re- 
gression of  commercial  landings  on  the  index  values.  Female  me- 
dium crabs  in  their  second  summer,  at  about  1  year  of  age,  recruit 
into  the  peeler  fishery  as  they  approach  what  is  generally  regarded 
as  their  ultimate  molt  into  sexual  maturity  and  the  large  size  cat- 


egory (Churchill  1921.  Van  Engle  1958).  Consequently,  we  used 
peeler  landings  to  validate  the  index  of  recruits. 

Although  the  peeler  landings  and  trawl  indices  are  available  for 
18  years  (1978  to  1995.  Table  2).  a  measure  of  effort,  boat-days, 
is  only  available  for  the  last  13  years  (1983  to  1995,  Table  2).  This 
is  the  sum  of  the  number  of  boats  fishing  per  day  for  all  days  per 
year.  Means  and  standard  deviations  of  variables  are  shown  in 
Table  3;  Pearson  coirelations  and  significance  levels  are  shown  in 
Table  4.  Both  the  index  of  recruitment,  as  defined  above,  and 
fishing  effort  were  highly  correlated  with  peeler  landings  (recruit- 
ment: r  =  0.92,  n  =  18:  boat-days:  r  =  0.80,  n  =  13).  Effort  and 
recruitment  were  also  correlated  with  each  other  (r  =  0.66.  n  = 
13).  We  then  regressed  peeler  landings  on  the  index  of  recniitment 
and  the  number  of  boat-days  for  the  13  years  that  effort  data  were 
available.  The  resulting  equation  accounted  for  89.3%  of  the  vari- 
ance in  peeler  landings.  [F(2.  10)  =  41.52.  p  =  .0001.  adjusted  R- 
=  0.87|. 

Beta  weights  (standardized  multiple  regression  coefficients) 
and  uniqueness  indices  were  computed  to  assess  the  relative  im- 
portance of  the  recruitment  index  and  effort  in  the  prediction  of 
peeler  landings  (Table  5).  The  uniqueness  index  of  a  predictor  is 
the  percentage  of  variance  in  the  dependent  variable  accounted  for 
by  that  predictor,  beyond  the  variance  accounted  for  by  other 
predictor  variables  (Hatcher  and  Stepanski  1994).  The  uniqueness 
index  for  the  index  of  recruitment  was  three  times  the  magnitude 
of  the  index  for  effort.  To  confirm  the  relation  between  peeler 
landings  and  the  index  of  recruitment,  the  landings  were  then 
regressed  on  the  index  of  recruits  alone  for  the  whole  18-year  time 
series,  producing  a  strong  functional  relationship  (Fig.  5,  R-  = 
84.4%,  F,  ,ft  =  86.67,  p  =  .0001.  n  =    18  years). 

The  time-series  for  the  large  crab  index  is  similar  to  the  YOY 
and  recruits  indices  with  abundances  generally  low  until  the  mid- 
1980s  and  a  significant  positive  trend  (Fig.  6).  The  relevant  land- 
ings component  for  validation  of  this  index  is  the  hard  crab  land- 
ings, which  are  from  the  pot  fishery  (dredge  landings  excluded). 
Bivariate  correlation  coefficients  indicated  that  both  effort  in  boat- 
days  (r  =  0.91,  n  =  13)  and  the  index  of  large  crabs  (r  =  0.81, 
n  =  18)  were  significantly  related  to  hard  crab  landings  from  the 
pot  fishery  in  bushels  per  year  (Table  4).  For  the  13  years  that 
effort  data  were  available,  we  regressed  pot  landings  on  effort  in 
boat-days  and  the  index  of  large  crabs.  The  resulting  equation 
accounted  for  92.8%  of  the  variation  in  hard  crab  landings  from  the 
pot  fishery  (F,  ,o  =  64.86.  p  =  .0001.  adjusted  R"  =  0.914). 

Table  5  shows  that  both  independent  variables  had  significant 
beta  weights;  boat-days  had  the  largest  beta  at  0.709  (p  =  .0001), 
and  the  index  of  large  crabs  had  a  beta  of  0.382  (p  =  .003). 
Uniqueness  indices  in  Table  5  show  that  boat-days  explained  the 
larger  portion  of  variance  in  landings,  37%,  but  the  index  of  large 
crabs  explained  an  additional  1 1%  of  the  variance.  Note  that  the 
two  variables  were  correlated  (Table  4).  When  pot  landings  were 
regressed  on  the  index  of  large  crabs  for  all  17  years,  a  strong 
functional  relationship  emerged  (Fig.  7,  R*  =  64.8%.  F,  ,5  = 
29.50.  p  =  .0001.  n  =   17  years). 

We  developed  the  ISSB  after  we  found  evidence  of  variation  in 
mean  fecundity  among  years.  Analysis  of  variance  of  mean  CW  of 
female  spawners  among  years  showed  significant  differences 
(Table  6)  and  Prager  et  al.  (1990)  found  that  fecundity  was  influ- 
enced by  CW.  A  Tukey's  test  for  significant  differences  among 
pairs  of  years  found  a  significant  difference  between  the  1987 
mean  of  139.2  mm  and  the  1992  mean  of  155.9  mm,  which  was 
12%'  higher. 
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Figure  2.  Width  frequency  distributions  by  month  for  a  randomly  selected  year  class,  1988.  Juveniles  of  this  year  class  first  appeared  in 
September.  There  were  no  samples  taken  in  April  and  May,  1990,  because  of  vessel  maintenance. 


The  two  measures  of  spawning  stock  have  different  sample 
sizes.  Althougli  tlie  ISS  is  available  for  all  years  except  1990,  the 
LSSB  is  not  available  for  1979  to  19S0  and  1990.  No  index  is 
available  for  1990  because  of  vessel  maintenance.  The  ISSB  re- 
quires data  on  the  sexual  composition  of  the  catch,  and  this  data 
cannot  be  located  for  the  early  years  of  the  trawl  survey.  In  years 
with  a  spring  trawl  catch  of  zero  large  crabs,  the  sex  data  is 
unneeded.  including  1978  and  19,S1.  Except  for  1980,  the  ISS  was 
low  until  it  suddenly  peaked  in  the  mid-1980s;  it  has  slowly  de- 
clined since  (Fig.  8a).  The  ISSB  was  also  very  low  in  the  late 
1970s  and  early  1980s,  then  climbed  to  a  peak  in  the  mid-1980s 
(Fig.  8b).  The  trend  in  both  indices  since  198.'S  is  significant  and 
negative  (Fig.  8c). 

We  then  asked  whether  the  indices  could  predict  indices  of  later 
life  stages  as  cohorts  matured.  We  regressed  the  index  of  recruits 
on  the  YOY  index  (Fig.  9a)  and  the  year-class  index  of  large  crabs 
on  both  the  YOY  index  (Fig.  9b)  and  the  index  of  recruits  (Fig.  9c). 
We  also  regressed  the  ISSB  on  the  YOY,  recruit,  and  large  crab 
indices  (Figs.  lOa-c).  Significant  relationships  were  detected  in  all 
the  regressions,  except  for  those  using  the  ISSB  (Table  7).  It  was 
not  correlated  with  any  of  the  other  indices. 


In  each  case  where  the  YOY  index  was  a  predictor,  a  curvilin- 
ear model  produced  a  significantly  better  fit  than  a  linear  mode 
(Fig.  9a.  b).  This  result  suggests  density-dependent  mortality  op- 
erates during  cohort  growth  from  the  small  stage  into  the  medium 
stage.  The  1985  year-class  had  an  obvious  influence  on  this  result, 
so  we  deleted  it  and  reran  the  models.  For  the  index  of  recruits  as 
a  function  of  the  YOY  index,  the  quadratic  term  dropped  to  mar- 
ginal significance  (p  <  .10).  For  the  year-class  index  of  large  crabs 
as  a  function  of  the  YOY  index,  the  quadratic  term  remained 
significant  at  the  p  <  .05  level.  We  have  no  reason  to  consider  the 
1985  YOY  index  invalid,  however.  If  any  year-classes  should 
show  effects  of  density-dependent  mortality,  the  1985  year  class 
should. 

In  contrast  to  the  curvilinear  model  indicated  by  regressions  on 
the  YOY  index,  regression  of  the  year-class  index  of  large  crabs  on 
the  index  of  recruits  resulted  in  a  linear  model,  implying  no  evi- 
dence for  density-dependent  moilality  in  the  transition  between 
these  two  stages  (Fig.  9c,  Table  7). 

To  assess  the  implications  of  variation  in  the  indices  of  spawn- 
ing stock,  we  investigated  stock-recruitment  relationships.  We 
plotletl  the  index  of  recruits  against  the  indices  of  spawning  stock. 
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Figure  2.  Continued. 


Simple  linear  regression  of  recruits  on  spawners  tested  the  "null 
moder'  of  recruitment  proportional  to  spawning  stock,  implying 
no  compensatory  response  to  low  density  (Fogarty  et  al.  1992).  In 
other  words,  this  model  implies  the  production  of  recruits  per 
spawner  is  independent  of  the  spawner  density  level,  so  it  is  a 
density-independent  model.  This  model  was  rejected  in  both  cases 
with  the  full  dataset.  The  lack  of  fit  was  caused  by  one  outlying 
datapoint.  the  1994  year-class.  Exclusion  of  this  outlier  resulted  in 
a  significant  linear  regression  (Table  8.  Fig.  1 1 ).  Therefore,  we 
could  not  eliminate  this  model. 

The  linearized  Ricker  model  produced  residuals  that  indicated 
heterogeneous  \  ariance.  so  that  model  was  rejected.  The  nonlinear 
Ricker  model  did  not  show  heterogenous  variance  for  either  the 
ISS  or  the  ISSB  (Fig.  1 1 ).  The  asymptotic  standard  errors  indicated 
significant  parameter  estimates  for  alpha  and  beta.  These  standard 
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Figure  3.  \oung  of  the  year  (VO\  I  index,  computed  a.s  the  geometric 
mean  catch  per  tow  of  small  crabs  from  26  core  stations  in  September 
and  October.  There  was  no  significant  trend  detected. 


errors  are  not  reliable,  however,  particularly  for  stock-recruitment 
data  because  of  its  large  scatter  (Hilborn  and  Walters  1992).  Jack- 
knifed  estimates  of  parameters  and  their  standard  errors  were  used 
to  conduct  r-tests  (Sokal  and  Rohlf  1995).  For  both  measures  of 
spawning  stock,  the  estimates  of  alpha  were  nonsignificant  by  this 
test  (Table  9).  The  sample  influence  functions  indicated  that  the 
1994  year-class  datapoint  had  by  far  the  largest  influence  on  the 
parameter  estimates.  This  point  was  an  oudier.  The  outlying  1994 
datapoint  was  the  highest  value  in  the  time  series,  but  was  vali- 
dated by  1995  commercial  peeler  landings,  which  were  the  highest 
on  record.  Apparently,  environmental  conditions  were  superb  for 
recruitment  in  1994.  Excluding  this  outlier  and  rerunning  the  jack- 
knife  produced  statistical  significance  of  both  parameters  and 
raised  the  R"  to  46%  and  48%  for  the  ISS  and  ISSB,  respectively. 

Both  measures  of  spawning  stock  resulted  in  Ricker  model 
estimates  of  a  that  were  large,  but  uncertain  (outlier  excluded:  ISS 
model:  a  =  9.7,  SE  =  3.24,  CV  =  34%;  ISSB  model:  a  =  14.2, 
SE  =  5.26,  CV  =  37%).  The  ISS  model  a  implies  that  each 
spawner  (males  and  females)  can  produce  10  recruits  to  the  me- 
dium-size class  at  low  density,  on  average.  If  we  assume  a  50:50 
sex  ratio,  this  would  mean  each  female  spawner  could  produce,  on 
average,  20  recruits  at  low  density.  The  ISSB  model  o:  estimate 
implies  that,  on  average,  14  recruits  per  tow  would  be  produced  by 
1  kg  of  female  biomass  per  10  tows,  or  142  recruits  by  1  kg  of 
female  spawning  biomass.  An  average  weight  of  mature  females 
can  be  estimated  from  the  average  number  of  females  per  bushel. 
Bushels  weigh  40  lbs,  on  average  and  contain  123  females.  This 
implies  three  females  per  pound,  or  5,3  oz/female.  Each  kilogram 
then  contains  6.6  females.  Because  142  recruits  would  be  produced 
by  each  kg  of  SSB,  each  female  would  produce  22  recruits,  on 
average,  at  low  density.  The  two  estimates  are  very  similar,  aver- 
aging 21  recruits  per  female. 

In  contrast  to  the  Ricker  model  estimate  of  high  potential  re- 
productive rates  at  low  spawner  densities,  the  linear  null  model 
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TABLE  1. 

Fishery-independent  indices  of  relative  abundance  and  fishery  landings  used  to  validate  indices.  Indices  are  explained  in  the  methods 
section.  Hard  crab  landings  does  not  include  the  dredge  landings.  Boat-days  is  the  sum  over  the  whole  year  of  the  number  of  commercial 

crab  boats  working  per  day. 


Large  Crabs, 

Spawning  Stock 

Year 

YOY 

Recruits 

Large  Crabs 

Year-Class 

Spawning  Stock 

Biomass 

1978 

5.09(3,15,7.95) 

0,26(0,15.0,38) 

0,24(0,16.0,32) 

0.33(0.22.0,45) 

0.00 

0,00 

1979 

0,64(0,33.  1,01) 

0,91  (0.66.  1.20) 

0,42(0,31,0,55) 

0.59(0.41,0.80) 

0.16(0.026.0.287) 

no  data 

1980 

9,29(6,03.  14,06) 

0.37(0,24,0,51) 

0,38  (0,28,  0,49) 

0.37  (0.24,  0.50) 

0.75(0.327.  1.17) 

no  data 

1981 

1,72(1.03.2,65) 

0,67(0,44.0,95) 

0,61  (0,44,0,80) 

1.16(0.82,  1.55) 

0.00 

0.00 

1982 

0.42(0.21.0.66) 

0.35(0,23.0,48) 

0,23(0,14,0,32) 

0.38(0.22,0.55) 

0.02  (-0.02.  0.06) 

0.03 

1983 

1.57(0.87,2.55) 

0,07(0,03.0,13) 

0,19(0,11,0,27) 

0.32(0.18,0.47) 

0.00 

0.00 

1984 

6.71  (3.97.  10.94) 

0.48(0.31.0,67) 

0,34  (0,23,  0,47) 

0.52(0.33,0,75) 

0.06  (-0.01.  0.12) 

0.05 

1985 

47.35  (26.50.  83.93) 

0.87(0,59,  1.20) 

0.66(0,49,0,85) 

0,78(0,53,  1,07) 

0.58(0.27.0.88) 

0.51 

1986 

1.97(1.17.3.08) 

2,21(1.57,3.02) 

0,64(0,48,0,83) 

0,82(0,56,  1,11) 

0.48(0.12,0.84) 

0.60 

1987 

12.52(7.34.20.91) 

1.26(0.89.  1.71) 

0,72(0,56,0,90) 

0,78(0,56,  1,04) 

0.62(0.23.  1.00) 

0.53 

1988 

9.34(5,07.  16.61) 

1.96(1.44,2.57) 

0,65(0,48,0,84) 

1.00(0,69,  1,36) 

0.2(0.05.0.35) 

0.18 

1989 

26.7(16.93.41.84) 

1.14(0.79.  1.57) 

0,97(0,75,  1,22) 

1.39(1,00,  1.87) 

0.53(0.25.0.81) 

0.42 

1990 

0.93(0.45.  1.57) 

2.41(1.56.3.55) 

1,61  (1.23,2.04) 

1.65(1.23.2.16) 

no  data 

no  data 

1991 

20.01  (10.86.36,23) 

0.43  (0.28,  0.60) 

0.75  (0.59.  0,94) 

0.97(0.72,  1.27) 

0.47(0.22.0.72) 

0.27 

1992 

6,92  (3.44.  9,78) 

3.24  (2.26,  4.52) 

1,17(0,88.  1,49) 

1.99(1.43,2.68) 

0.26(0.11,0.42) 

0.35 

1993 

31,11  (17,28.55.37) 

0.88(0,61.1,22) 

0,74  (0.56.  0,94) 

0,91(0.63,  1.24) 

0.38(0.18,0.58) 

0.27 

1994 

21,5(12,40.36.75) 

2.2(1.56.2,99) 

0,77  (0,58.  0.98) 

1,34(0.98,  1.75) 

0.12(0,01,0,22) 

0.05 

1995 

5,3(2.77.9,53) 

4,03(3,14.5,11) 

0.8(0.62.  1.00) 

1.18(0.86.  1.55) 

0,21  (0,08,0,34) 

0.20 

with  the  ISS  indicates  a  rate  of  2,2  recruits  per  spawner,  or  4.4  per 
female.  The  ISSB  linear  model  indicates  2.6  recruits  per  leg  of 
female  biomass  per  10  tows,  or  about  four  recruits  per  female.  This 
lower  reproductive  rate  implies  a  need  for  more  restrained  harvest 
to  avoid  low-density  situations.  The  difference  between  the  high 
rate  at  low  density  for  the  Ricker  model  and  the  constant  lower  rate 
of  the  linear  model  is  the  effect  of  compensation  in  the  former. 

Because  3  years  produced  an  ISSB  value  of  zero,  the  Beverton- 
Holt  model  could  not  be  tested  on  the  raw  data.  We  transformed 
the  data  by  adding  the  value  of  0.01  kg  per  10  tows  to  each  year's 
index,  but  the  (3  estimate  in  the  Beverton-Holt  model  was  not 
significant  ((3  =  0.01,  SE  =  0.015.?  =  0.72.  NS).  Jackknifing  has 
not  been  pursued  for  the  Beverton-Holt  model. 

Using  the  Ricker  model  parameter  estimates,  we  calculated  a 
biological  reference  point,  the  recruitment  overfishing  threshold. 


4.5  n 


This  threshold  is  the  level  of  spawning  stock  which,  on  average, 
will  produce  one-half  the  ma.ximum  recruitment  (Mace   1994). 


1978  1980  1982  1984  1986  1988  1990  1992  1994 

Figure  4.  Index  of  recruits,  computed  as  the  geometric  mean  catch  per 
tow  of  medium  crabs  in  samples  from  April  through  August.  The  trend 
was  significant  at  p  <  .01. 


With  the  reduced  dataset.  the  ISSB  threshold  was  Py2^ 


0,08 


kg/ 10  tows,  which  is  the  recruitment  overfishing  threshold.  For  the 
ISS.  the  threshold  is  0,  II  crabs  per  tow.  Note  thai  all  values  of  the 
ISS  and  ISSB  below  these  thresholds  in  the  stock-recruitment  data 
have  produced  low  recruitment;  year-classes  1978.  1981.  1982, 
and  1983  (Fig,  II,  Table  1),  In  contrast,  both  the  1984  and  the 
1994  year-classes  were  close  to  the  threshold;  however,  recruit- 
ment to  the  1994  year  class  was  the  highest  ever  recorded, 

TABLE  2. 

Fishery  landings  used  in  validation  of  research  survey  trawl  indices 
of  relative  abundance. 


Hard  Crabs, 

Peelers, 

Effort. 

Year 

Bushels 

Number 

Boat-Days 

1978 

6.910 

76.200 

1979 

10.676 

270.000 

1980 

15.000 

138.805 

1981 

18.264 

267.900 

1982 

18.666 

65.870 

1983 

24.284 

55.852 

1,721 

1984 

21.019 

183.131 

1.699 

1985 

55.781 

177.709 

2.408 

19S6 

54,27! 

495.590 

3.329 

1987 

67.062 

294,686 

4.160 

1988 

62,894 

753.646 

3.613 

1989 

92.344 

556.906 

4.502 

1990 

1 30.502 

936.493 

5.463 

1991 

111.615 

112.405 

5.894 

1 992 

94.049 

2.120,934 

6.427 

1 993 

113.096 

909.215 

7.018 

1994 

103.031 

1,463,228 

7.249 

1 495 

132.157 

2,486,543 

9.016 

Stock-Recruitment  Relations  of  Delaware  Bay  Bllie  Crabs 
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TABLE  3. 

l)t'scripti\f  Niatislics  for  variables  used  to  validate  research  lrii«l  indices  against  commercial  landings.  The  full  dataset  consists  of  18  years 

of  landings  and  research  trawl  relative  indices  (1''78  to  1995);  whereas,  the  subset  consists  of  13  years  that  included  effort  data  (1983  to 

19951.  Peeler  landings,  hard  crab  landings  from  the  pot  fishery,  and  effort  data  were  obtained  by  the  DDFVV  intercept  survey.  To  convert 

bushels  to  pounds,  number  of  bushels  was  multiplied  by  48  pounds  per  bushel. 


Full  dataset  (18  v  I 


Variable 


M 


SD 


Subset  (13  y) 

M 

SD 

Sn,257 

777,906 

81. 700.4 

37,080.8 

4.S07.6 

2.270.."^ 

1.63 

1.171 

3.92 

4.798 

0.77 

0.349 

Peelers  landed  (thousands) 
Hard  crab  landings,  bushels 
Effort,  in  boat-days 
Index  of  recruitment 
Index  of  recruitment  squared 
Index  of  large  crabs 


63 1 .39.^ 
62,867.8 


1.320 

2.923 

.661 


720.116 
44.192.3 


1.1186 
4.3628 
0.3532 


DISCUSSION 

The  width  frequency  histograms  gave  clear  indications  of  cer- 
tain life  histon,'  patterns  of  the  Delaware  Bay  blue  crab  stock  (Fig. 
2).  The  YOY  crabs  grew  at  a  high  rate;  some  reaching  medium  size 
by  October.  In  some  years,  the  fastest  growing  individuals  molted 
into  the  large  stage  by  the  following  June.  By  July  and  August. 
new  recruits  often  dominated  the  large  size  category.  By  their 
second  October,  the  majority  of  the  year-class  grew  into  the  large 
stage,  but  a  minority,  which  varied  among  years,  was  still  in  the 
medium  stage.  This  was  consistent  with  Van  Engle  (1958),  who 
states  that  some  crabs  do  not  mature  until  after  their  second  winter. 

The  inability  to  age  mature  individual  crabs,  however,  compli- 
cated life  history  and  population  dynamics  analysis.  The  size- 
based  approach  we  employed  was  not  a  perfect  method,  and  left 
some  questions  unanswered.  Did  some  females  spawn  in  their 
second  summer  at  age  l-i-?  For  how  many  years  do  females  spawn? 
What  is  the  age  composition  of  the  mature  stock?  What  is  the 
potential  lifespan  of  Delaware  Bay  blue  crabs?  To  improve  our 


interpretation,  we  plan  to  estimate  numbers  at  age  and  growth 
parameters  from  the  width  frequency  data  with  MULTIFAN, 
which  allows  testing  of  hypotheses  about  growth  and  age  structure 
(Foumier  et  al.  1991,  Terceiro  and  Ross  1993). 

Kahn  (1996)  verified  that  the  YOY  and  recruits  indices  of 
abundance  developed  here  are  significant  predictors  of  year-class 
landings  from  the  peeler,  pot,  and  dredge  fisheries.  The  evidence 
for  density-dependent  mortality  in  the  transition  from  small  to 
recruit  stages  presented  here  (Table  6.  Fig.  9)  is  similar  to  the 
results  of  Pile  et  al.  ( 1996)  from  the  Chesapeake  Bay  stock.  Pile  et 
al.  worked  in  a  limited  area  and  stated  that  emigration  was  the  most 
likely  cause  of  their  curvilinear  survival  curves,  although  they 
could  not  completely  rule  out  predation.  In  the  present  study,  emi- 
gration is  not  a  plausible  source  of  the  apparent  density- 
dependence,  because  of  the  large  spatial  scale  of  the  study  (Fig.  1 ). 
Although  evidence  of  compensatory  growth  is  not  uncommon  with 
fish  stocks,  compensatory  mortality  of  fish  and  shellfish  is  less 
commonly  documented.  Fogarty  and  Idoine  (1986)  related  larval 
abundance  of  American  Lobster  [Honuinis  ainericanus)  to  subse- 


TABLE  4. 

Pearson  correlation  coefficients  for  variables  employed  in  validation  of  relative  abundance  indices  from  research  trawl  surveys  of  Delaware 

Bay.  The  first  subtable  has  coefficients  for  analyses  using  the  full  data  set  of  18  years  (1978  to  1995).  The  second  subtable  has  coefficients 

for  the  data  subset  during  the  13  years  when  effort  data  was  collected  (1983  to  1995).  Statistical  probability  level  is  in  parentheses  following 

each  coefficient. 


A.  Full  Dataset 


Peelers 


Hard  Crabs 


Recruits 


(Recruits)" 


Larges 


Peeler  landings 

1.00 

— 

— 

— 

Hard  crab  landings 

.69  (.0015) 

1.00 

— 

— 

Index  recruitment 

.92  (.0001) 

.67  (.002) 

1. 00 

— 

Index  recruitment  squared 

.93  (.0001) 

.61  (.007) 

.96  (.GOOD 

1.00 

Index  of  large  crabs 

.57  (.014) 

.81  (.0001) 

.65  (.003) 

.52  (.027) 

1.00 


B.  Subset  13  Years  (1983  to  1995) 


Peelers 


Hard  Crabs 


Effort 


Recruits 


(Recruits) 


Larges 


Peeler  landings 
Hard  crab  landings 
Effort,  in  boat-days 
Index  of  recruits 
(Index  of  recruits)" 
Inde.\  of  larges 


1,00 

.62  (.023) 
.80  (.0009) 
.90  (.0001) 
.92  (.0001) 
.45  (.120) 


1.00 

.91  (.0001) 
.55  (.049) 
.52  (.066) 
.75  (.003) 


1.00 

.66  (.014) 
.67  (.013) 
.51  (.072) 


1.00 
.96  (.0001) 

.55  (.052) 


1 .00 
.42  (.1-56) 


1 .00 
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TABLE  5. 

Beta  weights  and  uniqueness  indices  obtained  in  multiple  regression 
analyses  predicting  peeler  landings  and  crab  pot  landings. 


Predictor 


Beta  Weights 


Beta 


Uniqueness  Indices 

Uniqueness 

Index  F 


Model  I .  Peeler  landings 

1 .  Index  of  recruitment 

2.  Boat-days 


0.658     4.777*** 
0.371      2.697* 


0.246 
0.079 


21.0** 
6.94* 


Model  2.  Hard  crab  landings 

1.  Index  of  large  crahs      0.382      3.869* 

2.  Boat-days  0.709      7.193* 


(1.107  14.86* 

0.370  51.39* 


Beta  weights  are  standardized  multiple  regression  coefficients  obtained 
when  landings  were  regressed  on  both  predictors.  Uniqueness  indices  in- 
dicate the  proportion  of  variance  in  landings  accounted  for  by  a  given 
predictor  variable  beyond  the  variance  accounted  for  by  the  other  predictor. 
For  r-tests  that  tested  the  significance  of  the  beta  weights,  df  =  10.  For  F 
tests  that  tested  the  significance  of  the  uniqueness  indices,  df  =  1.  10.  *  = 
p  <  .05,  **  =  p  <  .01.  ***  =  p  <.001. 

quent  landings  and  concluded  survival  was  density  dependent. 
Phillips  (1990)  concluded  survival  of  juvenile  western  rock  lob- 
sters {Paiuilinis  cyi;iuis)  was  affected  at  extreme  high  and  low 
densities. 

Blue  crabs  are  cannibalistic  (Mines  and  Ruiz  I99.'i,  Dittel  et  al. 
1995),  so  a  mechanism  for  compensatory  mortality  exists.  Fernan- 
dez et  al.  (1993)  implicate  cannibalism  among  YOY  Dungeness 
crabs  as  an  important  factor  in  population  dynamics.  In  laboratory 
studies,  cannibalism  among  YOY  crabs  has  been  reported  for  the 
Caribbean  king  crab.  Mhhrax  sp'mosissimus.  (Tunberg  and  Cress- 
well  1988).  shore  crab.  Carcinus  maenas.  (Klieii  Breteler  1975) 
and  the  Dungeness  crab.  Cancer  magister.  (Jacoby  1983.  Karpov 
1983). 

Only  one  other  study.  Lipscius  and  Van  Engle  (1990),  has 
reported  a  stock-recruitment  relationship  for  blue  crab.  We  have 
tried  to  build  on  their  pioneering  work  by  developing  more  refined 
indices  of  recruits  and  spawners  than  they  employed.  Their  mea- 
sures of  recruitment  and  of  spawning  stock  are  confounded  with 
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Figure  6.  The  index  of  large  crabs,  calculated  as  the  geometric  mean 
catch  per  tow  of  large  crabs  for  the  year.  Significant  positive  trend  at 
p  <  .01,  R-  =  45.4%. 

intermediate  year  classes,  because  they  measured  spawning  stock 
as  mean  catch  per  tow  of  all  sizes  from  May  through  August 
during  a  given  year.  This  measure  excluded  new  YOY  crabs  that 
appeared  in  September  to  October,  but  it  confounded  the  spawning 
year  class  with  the  succeeding  year  class  that  was  maturing  that 
year.  Our  width-frequency  plots  indicated  that  measures  of  abun- 
dance of  mature  female  spawners  in  April  and  May  were  not 
confounded  with  the  succeeding  year  class. 

Lipcius  and  Van  Engel  (1990)  measured  recruitment  as  the 
mean  CPT  of  all  sizes  from  May  to  August,  lagged  2  years  (year 
t  -t-  2).  Two  years  after  birth,  the  year-class  in  question  would  now 
be  spawners  after  incurring  fishing  mortality  the  previous  year. 
Usually,  recruitment  is  measured  prior  to  or  at  the  time  of  entry 
into  the  fishery  (Hilborn  and  Walters  1992.  Ricker  1975).  Their 
measure  of  recruitment  confounds  adults  from  the  year-class  of 
concern  with  recruits  from  the  succeeding  year-class.  In  contrast, 
if  recruits  are  measured  as  medium  crabs  from  April  to  August, 
confounding  effects  of  adjacent  year-classes  seem  minimal  or  non- 
existent for  Delaware  Bay  crabs.  The  actual  measure  of  recruit- 
ment used  in  Lipcius  and  Van  Engel's  stock-recruitment  inodel 
was  "the  residuals  from  a  sinusoidal  regression  with  period  width 
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Figure  5.  Peeler  landings  as  a  function  of  the  index  of  recruits.  The 
trend  was  significant  at  p  <  .1)11111. 
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Figure  7.  Crabpot  landings  of  hard  crabs  per  year  as  a  function  of  the 
geometric  mean  catch  per  tow  of  large  crabs  for  the  year  for  the  period 
1978  to  1995.  Regression  significant  at  p  <  .(MXH. 
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TABLE  6. 

ANOVA  tabic  for  comparison  among  years  of  mean  carapace  width 

(mm)  measured  to  the  nearest  half-centimeter  of  mature  females 

captured  In  April  and  May  trawls.  Width  hy  sex  data  is  available 

for  \2  years  of  nonzero  catches  from  1982  to  1995  (no  data  for 

1990).  Mean  width  per  year  ran);ed  from  l.W  mm  to  156  mm.  lolal 

number  of  females  in  the  dataset  is  123. 

Source  of 

\  arialion  df  SS  MS  F  p 


Year 

II 

4171.2 

397.2 

Error 

III 

I769.V8 

l?9.4 

Total 

122 

21865.0 

2.3S 


.Oil 


of  14  years,  and  not  the  raw  data."  It  is  unclear  to  us  how  this 
relates  to  actual  recruitment.  With  only  17  years  of  data,  it  does  not 
seem  reasonable  that  a  period  of  14  years  would  be  detectable  (J. 
Schuenemeyer.  University  of  Delaware,  pers.  comm.).  They  tested 
various  forms  of  stock-recruitment  models,  but  finally  presented 
the  linearized  version  of  the  Ricker  model  (their  Fig.  8).  and  stated 
the  R"  as  73%.  However  with  the  linearized  version  of  the  Ricker 
model.  R"  values  are  not  reliable  measures  of  fit.  because  of  spu- 
rious self-correlation  between  the  values  of  spawning  stock  that 
appear  on  both  sides  of  the  equation  (Sokal  and  Rohlf  1995.  535). 

A  frequent  problem  in  stock-recruitment  analysis  is  a  correla- 
tion between  recruitment  and  later  levels  of  spawning  stock  (Spar- 
holt  1995.  Walters  1995.  Myers  and  Barrowman  1995).  Such  a 
correlation  violates  an  assumption  of  regression  and  invalidates  the 
results.  We  detected  no  correlation  in  tests  of  lag  1  and  lag  2 
autocorrelations  between  either  recruits  and  subsequent  spawners 
or  among  indices  of  recruits.  Because  of  the  limited  time  series,  we 
are  unlikely  to  detect  longer  lags,  and  the  biology  of  the  blue  crab 
suggests  that  such  short  lags  are  most  likely.  In  the  Delaware  Bay 
stock,  lack  of  autocorrelation  is  supported  by  the  absence  of  a 
statistically  detectable  relationship  between  the  index  of  recruit- 
ment and  the  ensuing  index  of  spawning  stock  biomass  in  linear  or 
curvilinear  regression  (Fig.  lOb).  Preliminary  analysis  indicated 
that  although  very  low  recruitment  did  result  in  low  ISSB  levels, 
severe  winters  and  higher  commercial  harvest  were  associated 
with  reduced  ISSB  from  higher  levels  of  recruitment.  This  analysis 
will  be  pursued  in  the  future. 

Despite  the  curvilinear  cohort  survival  curves,  indicating  den- 
sity-dependent mortality  during  the  small  crab  stage,  stock- 
recruitment  analysis  could  not  rule  out  a  density-independent 
stock-recruitment  model  in  the  transition  from  spawners  to  re- 
cruits. This  could  be  attributable  to  the  relatively  small  time  series, 
with  consequent  low  power  for  statistical  tests,  especially  with 
typically  noisy  stock-recruitment  data.  Second,  there  could  be  cu- 
mulative effects  of  measurement  error  and  environmental  effects 
with  spawners  in  one  spring  and  recruits  measured  one  year  later 
(Walters  and  Ludwig  1981 ).  The  linear  stock-recruitment  model, 
or  null  model  (Fogerty  et  al.  1992),  implies  that  any  reduction  in 
spawning  stock  will,  on  average,  reduce  recruitment.  Conversely, 
the  Ricker  model,  or  any  model  employing  density-dependent 
mortality,  or  compensation,  implies  a  stock  can  sustain  higher 
exploitation  rates.  Such  a  model  implies  the  stock  can  compensate 
for  higher  exploitation  with  increased  survival  at  reduced  density. 
so  reductions  in  spawning  stock  will  not  always  reduce  recruit- 
ment. Reduced  recruitment  would  occur  if  the  stock  is  driven  to  the 
extreme  low  densities  on  the  left  hand  or  ascending  limb  of  the 


curve.  However,  in  this  situation,  the  reproductive  rate  is  at  a 
maximum,  according  to  the  Ricker  model. 

The  R"  values  for  the  .stock-recruitmcnt  niodels  ranged  from  37 
to  48%,  which  are  rclativelv  hich  values  for  stock-recruitment 
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Figure  8.  a).  The  index  of  spawners,  computed  as  the  geometric  mean 
catch  per  tow  of  large  crabs,  sexes  combined  in  .\pril  and  May  trawls. 
There  are  no  data  for  1990.  b).  The  index  of  spawning  stock  biomass. 
No  data  are  available  for  1979,  1980,  or  1990.  The  index  is  computed 
as  the  mean  biomass  of  large  female  crabs  per  10  tows  from  samples 
in  April  and  May.  c).  Trend  since  1985  in  the  ISSB.  The  trend  is 
significant  at  p  <  .01,  R-  =  70.1%. 
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Figure  9.  a).  Index  of  recruits  as  a  function  of  the  YOV  index  for  the 
year  class.  The  index  of  recruits  is  lagged  1  jear  from  the  YOY  index. 
Curvilinear  regression  was  signincant  at  p  <  .01(01.  b).  Year-class  in- 
dex of  large  crabs  as  a  function  of  the  year-class  YOY  index.  The 
former  was  lagged  1  year.  Regression  was  significant  at  p  <  .0001.  c). 
Year-class  index  of  large  crabs  as  a  function  of  the  index  of  recruits  for 
the  year-class.  The  regression  was  significant  at  p  =  .0015. 


models  (Victor  Crecco,  Connecticut  DEP,  pers.  coiiiin.).  However, 
these  values  indicate  that  less  than  half  of  the  variation  in  recruit- 
ment is  explained  by  spawning  stock  levels,  the  rest  determined  by 
environmental  effects.  The  models  represent  equilibrium  relation- 
ships that  will  only  be  attained,  on  average,  over  many  years.  The 
role  of  environmental  effects  in  dynamics  of  this  stock  can  be 


illuminated  by  following  the  1994  year  class.  The  ISSB  for  1994 
was  low,  at  0.062.  This  value  was  certainly  affected  by  the  severe 
winter  of  1993  to  1994.  Although  no  formal  analysis  has  been 
performed,  severe  winters  are  known  to  cause  high  mortality 
among  overwintering  blue  crabs  in  the  Delaware  Bay.  Average  air 
temperature  at  Wilmington.  Delaware  for  January  1994  was  26.3 
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Figure  10.  fhe  index  of  spawning  stock  bioma.ss  as  a  function  of  a). 
The  YOY  index  for  the  year  class,  where  the  ISSB  is  lagged  2  years,  b). 
The  index  of  recruits  for  the  year-class,  where  the  ISSB  is  lagged  I 
year.  c).  The  year-class  index  of  large  crabs,  where  the  ISSB  is  lagged 
I  year. 
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TABLE  7. 
Regression  equations  describing  the  functional  relationships  between  research  trawl  indices. 


Equation 
Number 


Regression 


Equation 


R^ 


YC  Index  ol  recruits  O  )  on  the  \0\ 

index  (X) 
YC  index  of  large  crabs  (Y)  on  the 

YOY  index  (X) 
YC  index  of  large  crabs  (Y)  on  the 

index  of  recruits  (X) 


Y  =  0.1284  +  0.1791  X 

-  0.0029  X= 

Y  =  0.4308  +  0.0859  X 

-  0.0017  X- 

Y  =  0.5428  +  0.2949  X 


0.755 
0.720 
0.501 


18 
17 
17 


YC  =  year  class;  derivations  of  indices  and  landings  described  in  the  text.  All  regresssions  are  significant  at  p  <  .05. 


F°,  the  lowest  in  the  last  decade,  and  .S.6''  below  the  long-term 
mean  January  temperature.  Anecdotal  reports  from  the  winter 
dredge  fishery  in  1994  indicated  that  a  relatively  high  proportion 
of  females  taken  were  dead.  The  low  values  of  the  ISS  for  1994 
(0.12)  and  the  ISSB  (0.05)  reflected  this  high  overwinter  mortality. 
Recruitment  to  this  1994  year-class  was,  however,  the  highest  on 
record.  In  1996,  when  the  1994  year-class  overwintered  as  the 
spawning  stock,  mean  Januar>'  temperature  was  29.9°.  which  was 
2.8°  below  the  long-term  mean.  Sampling  of  overwintering  spawn- 
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Figure  11.  .Stock-recruitment  relations,  with  the  "null"  model  of  no 
density-dependence  as  a  straight  line  and  the  Ricker  model  as  the 
curve.  The  outlier  deleted  from  the  analysis  is  next  to  the  star.  .See 
Tables  6  and  7  for  fit  statistics,  a).  The  index  of  recruits  as  a  function 
of  the  index  of  spawning  stock,  bl.  The  index  of  recruits  as  a  function 
of  the  index  of  spawning  stock  biomass. 


ing  stock  produced  an  estimated  mortality  rate  of  47<7r  fDDFW, 
unpublished  data).  Despite  the  fact  that  the  highest  recruitment  in 
the  time  series  was  recorded  for  this  year  class,  its  ISS  and  ISSB 
(in  1996)  were  both  equal  to  0.0. 

The  probable  effects  of  the  severe  winters  on  the  1994  and 
1996  spawning  stock  exemplify  the  sometimes  overriding  effect  of 
the  environment  on  this  stock.  We  have  not  yet  demonstrated  that 
fishing  alone  can  reduce  spawning  stock  biomass  below  the  re- 
cruitment overfishing  threshold,  but  severe  winters  combined  with 
fishing  have  done  so.  Time  series  analysis  of  the  index  of  large 
crabs  using  Population  Analysis  System  (PAS;  Berryman  and 
Millstein  1990)  indicates  a  discontinuity  occurred  during  the  time 
series,  which  suggests  two  different  equilibriuin  points,  one  at  a 
lower  density  and  one  at  high  density.  This  effect  can  be  caused  by 
strong  density-independent  environmental  effects,  such  as  severe 
winters.  The  stock  began  the  time  series  in  1978  at  a  low  abun- 
dance level  and  remained  there  for  approximately  7  years  before 
climbing  to  a  higher  abundance.  Once  at  the  higher  abundance,  it 
exhibited  sawtoothed  fluctuations  consistent  with  1-year  lagged 
density-dependent  feedback  (Fig.  6).  If  severe  weather  reduces 
density  to  levels  seen  in  the  late  1970s,  the  current  relatively 
intense  fishery  could  slow  the  recovery.  On  the  other  hand,  if 
CPUE  drops,  effort  may  also  decline  significantly.  This  seems  to 
have  happened  in  the  spring  and  summer  of  1996,  after  severe 
winterkill  substantially  reduced  stock  levels. 

Because  the  Delaware  Bay  stock  is  near  the  northern  extremity 
of  the  blue  crab's  range,  which  extends  from  Uruguay  to  Massa- 
chusetts, we  could  expect  variation  in  winter  weather  to  affect 
dynamics  to  a  relatively  large  extent.  This  is  borne  out  by  data  on 
the  variation  in  landings  along  the  Atlantic  coast  from  1965  to 
1984  (Jamieson  1986).  Although  the  coefficient  of  variation  (stan- 
dard deviation/mean)  was  only  19%  in  the  South  Atlantic  region 
and  37%  in  the  Chesapeake  Bay,  it  was  96%  in  the  Middle  Atlantic 
(north  of  Maryland).  Consequently,  efforts  to  establish  maximum 
sustained  yield  may  be  periodically  thwarted  by  severe  winters. 

Biological  reference  points  are  a  mainstay  of  current  fisheries 
management.  A  stock  recruit  model  has  been  used  to  develop  a 
recruitment  overfishing  threshold  for  Bristol  Bay  red  king  crab 
fishery  (discussed  in  Jamieson  1986,  Gordon  Kruse,  Alaska  De- 
partment of  Fish  and  Game.  pers.  comin.).  Although  we  have 
developed  such  a  threshold,  it  assumes  the  Ricker  density- 
dependent  model  is  the  correct  model.  Use  of  the  recruitment 
overfishing  threshold  as  a  limit  reference  point  (Caddy  and  Mahon 
1995)  that  could  trigger  additional  conservation  measures  is  prob- 
lematical with  this  stock,  because  of  the  timing  of  fishery  events 
and  spawning  stock  measurement.  The  ISS  and  ISSB  are  calcu- 
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TABLE  8. 

Results  of  test  of  the  null  model  (with  no  density-dependent  mortality)  of  the  stock-recruitment  relationship.  The  model  is  a  simple  linear 
relation  between  spawning  stock  and  recruits.  Two  measures  of  spawning  stock  were  employed. 


Index  of  spawning  stock 
including  1994  year  class 
excluding  1994  year  class 

Index  of  spawning  stock  biomass 
including  1994  year  class 
excluding  1994  year  class 


Slope 


SE 


t  Statistic 


17 

1.68 

].im 

1.59 

0.1.1.  ns 

14.5 

16 

2.22 

0.74 

3.00 

0.01 

39.1 

15 

1.69 

1..^88 

1.22 

0.25,  ns 

10.2 

14 

2.6 

0.976 

2.67 

0.02 

37.3 

lated  after  the  May  trawls  are  completed.  During  May.  the  pot 
fishery  is  targeting  sooks.  By  June,  many  sooks  produce  eggs  and 
are  then  protected.  So  by  the  time  the  DDFW  has  obtained  its 
measure  of  ISSB.  harvesting  of  spawning  stock  females  is  almost 
over.  The  ISSB  and  the  ISS.  however,  are  measures  of  the  health 
of  the  stock  and  can  be  incorporated  into  an  adaptive  management 
plan  as  indicators  of  stock  status. 

During  the  1978  to  1984  period,  low  levels  of  spawning  stock 
biomass  resulted  in  low  recruitment  (Fig.  1 1.  Table  1 ),  despite  the 
very  high  fecundity  of  individual  female  blue  crabs,  on  average  3.2 
X  lO^eggs  (Prageret  al.  1990).  During  the  1990s,  however,  2  years 
of  low  ISSB  produced  average  to  high  recruitment — 1994  and 
1996.  Possibly  some  environmental  conditions  have  changed  since 
the  early  1980s,  such  as  the  frequency  of  favorable  wind  condi- 
tions for  larval  transport  into  the  estuary  from  the  continental  shelf 
(Epifanio  1995).  Alternatively,  recruitment  to  the  bay  could  be 
controlled  by  regional  abundance  caused  by  larval  dispersal  onto 
the  continental  shelf  and  mixing  of  larvae  from  all  estuaries  in  the 
region.  If  regional  abundance  was  reduced  in  the  late  197()s  and 
has  since  rebounded,  the  Delaware  Bay  pattern  of  low  recruitment 
from  1978  through  about  1984,  followed  by  generally  higher  re- 
cruitment could  be  the  result.  If  this  idea  is  correct,  the  low  spawn- 
ing stock  levels  in  the  bay  during  the  earlier  period  would  reflect 
the  lower  abundance  throughout  the  region. 

Epifanio  (1995)  stated  that  blue  crab  stocks  along  the  Mid- 
Atlantic  may  be  considered  one  metapopulation  instead  of  separate 
estuary-specific  stocks.  Larvae  hatched  in  estuaries  emigrate  to  the 
Atlantic  waters  of  the  continental  shelf.  Because  a  proportion  of 
larvae  undoubtedly  returns  to  nonparent  estuaries,  some  degree  of 
mixing  among  estuaries  occurs.  This  raises  the  question  whether 
spawning  stock  status  in  a  given  estuary  should  be  of  concern  to 
management.  If  the  fecundity  of  a  given  stock  has  no  bearing  on 
ensuing  recruitment,  a  logical  answer  would  be  no.  There  are 
several  reasons,  however,  to  doubt  that  the  status  of  the  Delaware 
Bay  spawning  stock  has  no  influence  on  subsequent  recruitment 


levels.  First,  the  significant  stock-recruitment  models,  although 
not  proof  of  a  causal  effect  of  spawning  stock  on  recruitment,  are 
consistent  with  a  causal  relationship.  Low  levels  of  the  ISS  and 
ISSB  were  associated  with  low  levels  of  recruitment  throughout 
the  late  1970s  and  early  1980s  (Fig.  1 1 ).  Second,  the  hypothesis  of 
a  metapopulation  implies  a  certain  amount  of  mixing  among  local 
populations,  so  that  if  a  local  population  went  extinct,  it  could  be 
re-established  by  propagules  from  the  metapopulation.  But  the 
local  populations  can  have  their  own  dynamics,  influenced  primar- 
ily by  their  own  history  and  still  be  part  of  a  metapopulation.  The 
Delaware  Bay  stock  is  the  largest  stock  north  of  the  Chesapeake 
Bay.  Total  harvest  by  Delaware  and  New  Jersey  in  1995  was 
estimated  at  48.000,000  crabs  (DDFW  unpublished  data).  Larval 
production  in  Delaware  Bay  probably  overwhelms  that  of  any 
nearby  estuaries  along  the  New  Jersey,  Delaware,  and  Maryland 
coasts.  In  light  of  the  distance  between  the  mouths  of  Delaware 
and  Chesapeake  Bays  (about  160  km),  it  seems  unlikely  that 
Chesapeake  Bay  larvae  would  dominate  Delaware  Bay  recruit- 
ment. 

The  conceptual  models  of  larval  transport  reviewed  by  Epifanio 
( 1995)  "...  provide  a  mechanism  for  retention  of  larvae  near  the 
parent  estuary."  because  of  a  roughly  circular  transpiirt  pattern  on 
the  continental  shelf.  If  so.  Delaware  Bay  production  would  be  a 
major  influence  on  its  own  recruitment. 

MANAGEMENT  IMPLICATIONS 

First,  the  indices  of  relative  abundance  from  research  trawl 
surveys  have  been  validated  against  commercial  landings,  and  are 
therefore  reliable. 

Second,  effects  of  severe  winters  can  frustrate  efforts  to  con- 
serve spawning  stock  to  a  level  of  maximum  sustained  yield.  Be- 
cause Delaware  Bay  is  near  the  northern  extent  of  the  range  of  blue 
crabs,  which  are  centered  in  the  tropics,  they  are  vulnerable  to 
extreme  cold. 


TABLE  9. 
Results  of  jackknifed  Ricker  stock-recruit  models.  Two  measures  of  spawning  stock  were  used. 


Jackknifed  Estimates  and  /-Tests 


Spawning  Stock  Measure 


t  Statistic, 

t  Statistic, 

R- 

Alpha  (SE) 

p  Level 

Beta  (SE) 

p  Level 

20% 

12.5(7.00) 

1.79,  ns 

2.6(1.10) 

2.38.  <0.05 

46% 

9.7  (3.29) 

2.96.  <0.01 

2.04(0.94) 

2.16,<0.05 

7% 

16.1(12.75) 

1.26,  ns 

3.4(1.49) 

2.26.  <0.05 

48% 

14.2(5.26) 

2.69,  <0.02 

2.9(0.79) 

3.74.  <0.01 

ISS,  1994  included 
ISS,  1994  excluded 
ISSB,  1994  included 
ISSB,  1994  excluded 
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Third,  although  density  dependL-nce  was  not  conclusively  dem- 
onstrated tor  the  stock-recruilnient  relationship,  it  has  been  dem- 
onstrated in  the  sur\ i\al  of  small  crabs  to  the  medium  stage.  This 
suggests  that  compensator)  responses  do  occur  in  the  stock,  sup- 
porting the  h\pothesis  that  the  stock  has  high  resihency  to  har\est. 

Fourth,  spawning  stock  size,  on  average,  has  had  a  significant 
effect  on  recruitment.  Both  linear  and  nonlinear  stock-recruitment 
models  indicate  that  to  be  true.  Environmental  effects  also  play  a 
major  role,  accounting  for  more  of  the  variation  in  recruitment  than 
spawner  density.  In  any  one  year,  environmental  effects  may 
dominate,  but  on  average,  over  the  long  teim,  spawning  stock  size 
will  influence  recruitment.  Prudent  management  should  be  con- 
ceined  with  maintenance  of  spawning  stock  above  some  threshold, 
such  as  the  Recruitment  Overfishing  Threshold  derived  here.  How- 
ever, that  limit  reference  point  was  derived  from  a  nonlinear 


Ricker  spawner-recruitmenl  model  containing  compensation  (den- 
sity-dependent mortality  or  survival  rates).  We  could  not  distin- 
guish between  such  a  model  and  a  linear  model  with  no  compen- 
sation and  no  density  dependence.  Therefore,  a  management 
threshold  point  is  currently  not  determined  satisfactorily. 
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A  SURVEY  OF  THE  RECREATIONAL  BLUE  CRAB  FISHERY  IN 
TERREBONNE  PARISH,  LOUISIANA 
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Bourg.  Louisiana  70343 

ABSTRACT  Several  complementary  surveys  were  conducted  to  quantify  the  1989  recreational  blue  crab  [Callinectes  sapidus) 
fishery  in  Terrebonne  Parish,  Louisiana:  (1)  a  roving  intercept  survey  of  land-based  crabbers;  (2)  an  access  point  intercept  survey  of 
recreational  shrimp  trawlers;  (3)  a  mail  survey  of  individuals  purchasing  a  saltwater  angling  license  in  Terrebonne  Parish;  and  (4)  a 
mail  survey  of  Louisiana  recreational  crab  trap  license  holders.  Catch  per  unit  effort  (CPUE),  effort,  harvest,  and  other  associated 
parameters  were  characterized  for  four  distinct  fishing  modes:  land-based  and  boat-based  crabbers  using  gear  other  than  crab  traps, 
shrimp  trawlers  retaining  crab  bycatch,  and  crabbers  using  crab  traps.  The  over-all  effort  and  harvest  were  estimated  at  71,790  trips 
and  1.307.580  crabs  weighing  876,700  kg,  or  4.1%  of  the  reported  commercial  catch  of  the  Parish. 

KEY  WORDS:     Callinectes  sapidus.  blue  crab,  recreational  survey,  Louisiana 


INTRODUCTION 

Before  1980,  marine  research  and  management  efforts  in  the 
Gulf  of  Mexico  were  directed  primarily  toward  commercial  fish- 
eries. However,  recreational  fisheries  began  receiving  greater  at- 
tention during  the  1 980s  because  of  increases  in  both  number  of 
recreational  fishers  and  fishing  effort  per  fisher.  Growing  recre- 
ational demand  was  caused  by  population  shifts  from  the  hinter- 
lands to  coastal  areas  and  to  increases  in  mobility  of  coastal  resi- 
dents, increases  in  leisure  time,  and  increases  in  discretionary  in- 
come. The  blue  crab  (Callinectes  sapidus)  recreational  fishery 
probably  contributes  substantially  to  total  harvest  of  the  species  in 
the  Gulf  of  Mexico.  However,  the  ab.sence  of  blue  crab  recre- 
ational catch  data  was  identified  as  a  management  problem  in  the 
■"Blue  Crab  Profile"  (Perry  et  al.  1984).  Additional  survey  data 
are  needed  to  characterize  the  blue  crab  recreational  fishery  in  the 
Gulf  of  Mexico,  especially  in  Louisiana. 

A  survey  was  undertaken  in  1989  to  quantify  the  recreational 
blue  crab  fishery  in  Terrebonne  Parish,  Louisiana.  The  objectives 
of  the  study  were  to  quantify  effort,  catch  per  unit  effort,  harvest, 
and  other  associated  parameters  in  the  major  segments  of  the  rec- 
reational fishery:  land-based  and  boat-based  crabbers  using  gear 
other  than  crab  traps,  shrimp  trawlers  retaining  crab  bycatch,  and 
crabbers  using  crab  traps. 

MATERIALS  AND  METHODS 

Study  Area 

Terrebonne  Parish,  located  in  the  south-central  region  of  the 
Mississippi  River  deltaic  plain  (Fig.  1 ),  is  the  largest  parish  in 
Louisiana  and  has  a  population  of  approximately  102,000.  Recre- 
ational crabbing  occurs  primarily  in  the  salt  and  brackish  waters: 
therefore,  the  southern  two-thirds  of  the  parish  are  emphasized. 
The  landscape  is  dominated  by  abandoned  Teche  Delta  distribu- 
taries in  the  west  and  Lafourche  Delta  distributaries  in  the  east. 
Two  barrier  islands.  Isle  Demieres  and  Timbalier  Island,  separate 
the  Gulf  of  Mexico  from  the  estuaries.  In  the  southern  ponion  of 
the  parish,  the  distributary  ridges  contain  the  only  land  of  sufficient 
elevation  for  development  and  human  habitation.  Between  the 
ridges  are  large  interdistributary  basins  occupied  by  extensive 
swamps,  marshes,  bays,  and  lakes.  These  basins  are  interlaced  with 
natural  bayous  and  navigation  channels  and  an  extensive  network 


of  pipeline  canals  and  access  canals  for  petroleum  exploration. 
Roads  are  essentially  limited  to  the  distributary  ridges  found  along 
Bayous  Pointe-au-Chien,  Terrebonne.  Little  Caillou.  Grand  Cail- 
lou.  and  Dularge  (Fig.  2). 

Surveys 

Several  complementary  surveys  were  used  to  sample  various 
directed  and  nondirected  fishing  modes  that  comprise  the  blue  crab 
recreational  fishery  in  Terrebonne  Parish:  ( 1 )  a  roving  clerk  inter- 
cept survey  of  land-based  crabbers:  (2)  an  access-point  intercept 
survey  of  recreational  shrimp  trawlers;  (3)  a  mail  survey  of  indi- 
viduals purchasing  a  saltwater  angling  license  in  Terrebonne  Par- 
ish; and  (4)  a  mail  survey  of  Louisiana  recreational  crab  trap 
license  holders. 

Roving  Clerk  Survey 

A  stratified  random  sampling  technique  was  used  to  reduce 
sampling  variance.  Days  were  divided  into  two  strata  (day  types): 
weekend/holiday  and  weekday.  One  weekend/holiday  and  one 
weekday  per  2-week  period  were  selected  randomly.  Sampling 
began  in  April  1989  and  continued  through  October  1989.  The 
creel  survey,  however,  was  continued  through  March  1990  primar- 
ily to  collect  survey  data  on  land-based  finfish  anglers,  but  some 
supplemental  data  were  also  obtained  on  land-based  crabbers. 

Although  the  study  area  is  large,  areas  suitable  for  shoreline 
crabbing  are  limited  because  of  the  soft  nature  of  the  marsh  and 
restricted  highway  access  into  the  coastal  marshes  of  Terrebonne 
Parish.  The  survey  route  was  established  along  the  five  highways 
(La  665.  LA  55,  LA  56,  LA  57,  and  LA  315)  traversing  southward 
into  the  brackish  and  salt  marshes  of  the  parish  (Fig.  2).  Each  creel 
sampling  period  began  at  0830  and  ended  at  approximately  1630. 
The  creel  clerk  systematically  skipped  fishing  parties  in  an  objec- 
tive manner  when  crabbers  were  too  numerous  to  interview  but 
recorded  them  in  the  total  crabber  count.  Upon  reaching  the  end  of 
the  survey  route,  the  creel  clerk  returned  along  the  survey  route 
and  interviewed  parties  who  were  not  questioned  or  were  not 
present  during  the  initial  run.  Other  guidelines  suggested  by  Rob- 
son  (1961)  were  followed. 

Recreational  crabbers  were  interviewed  about  catch,  effort,  ex- 
penditures, and  so  forth  for  the  current  trip  and  historic  crabbing 
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Figure  1.  Location  of  study  area  (Terrebonne  Parislil  and  designated 
parishes/subparishes  in  Louisiana,  (1  =  Terrebonne;  2  =  northern 
Lafourche;  3  =  southern  Lafourche;  4  =  St.  Mary;  5  =  Assumption;  6 
=  Iberville;  7  =  Ascension;  8  =  West  Baton  Rouge;  9  =  East  Baton 
Rouge). 


effort.  Blue  crabs  were  counted,  and  random  samples  were  sexed 
and  carapace  width  (CW)  measured  in  10  mm  size  groups. 

Access  Point  Trawler  Survey 

For  this  survey,  a  trawler  was  defined  as  recreational  if  the 
catch  was  not  sold.  A  commercial  gear  license  for  trawls  larger 
than  4.8  m  in  size  was  required  after  1986.  even  if  the  catch  was 
not  sold;  most  of  these  trawlers  continued  to  use  their  trawls  rec- 
reationally  despite  their  commercial  gear  licensing  classification. 

Recreational  shrimp  trawlers  were  interviewed  at  boat  launch 
sites  in  May.  June,  and  August  of  1989  during  the  inshore  shrimp 
trawling  season.  Crab  bycatch  was  counted,  and  other  information 
on  the  day"s  trip  and  historical  shrimping  and  crabbing  effort  was 
obtained.  Random  samples  were  taken  to  obtain  size  ( 10  mm  CW 
size  groups)  and  sex  data  on  blue  crab  catch. 

Mail  Surveys 

Mail  surveys  of  saltwater  angling  and  recreational  crab  trap 
license  holders  were  conducted  to  obtain  directed  catch  and  effort 
data  by  fishing  mode.  The  mail  surveys  were  conducted  using  the 
"total  design  method"  (TDM)  of  Dillman  (1978).  The  TDM  relies 
on  a  theoretically  based  view  of  why  people  do  and  do  not  respond 
to  questionnaires  and  to  a  well-confirmed  belief  that  attention  to 
many  minuscule  and  often  seemingly  trivial  details  that  might 
affects  response  behavior  are  essential  to  conducting  successful 
surveys. 

Although  mail  surveys  are  a  quick  and  inexpensive  method  of 
contacting  many  people  (Malvestuto  198.^).  nonresponse  bias  and 
angler  recall  are  major  weaknesses  of  mail  surveys.  Several  ap- 
proaches were  used  to  ameliorate  these  weaknesses. 

Individuals  who  respond  to  a  survey  are  self-selected  and  may 


not  be  representative  of  the  total  population.  Respondents  to  mail 
surveys  tend  to  report  events  outside  the  study  period  and  to  ex- 
aggerate socially  desirable  activities  (Marsh  1982,  Strube  1987). 
Studies  have  shown  that  fishers  who  return  mail  questionnaires 
fish  more  frequently  and  catch  more  fish  than  those  who  do  not 
(Deuel  1980,  Harris  and  Bergersen  1985).  Brown  and  Wilkins 
( 1978)  and  Brown  et  al.  ( 1981 )  recommended  that  nonrespondents 
be  contacted  with  a  follow-up  telephone  survey  to  determine  if 
they  differed  from  respondents  and  then  modify  the  survey  results 
as  necessary.  1  followed  Robinson's  and  Agism's  (1951)  sugges- 
tion that  a  follow-up  telephone  survey  should  be  employed  when 
response  rates  are  below  70%. 

Questionnaires  were  structured  to  help  reduce  nonresponse 
bias.  First,  several  questions  concerning  recreational  angling  were 
included.  Second,  the  crab  trap  license  questionnaire  allowed  in- 
dividuals to  contribute  data  on  recreational  crabbing  activities  out- 
side Terrebonne  Parish.  These  questions  encouraged  surveyed  li- 
cense holders  who  may  not  have  crabbed  in  Terrebonne  Parish  to 
return  the  questionnaires  because,  from  their  perspective,  they 
would  be  contributing  valuable  data  to  the  survey,  rather  than  only 
a  negative  response. 

Angler  recall,  or  the  respondent's  ability  to  accurately  recollect 
historic  catch  and  effort  (Filon  1980),  can  influence  survey  results. 
To  reduce  the  time-span  between  participation  and  survey  re- 
sponse, the  mail  surveys  were  conducted  primarily  in  August  and 
September,  immediately  following  peak  recreational  crabbing  ac- 
tivity. 

A  packet  containing  the  cover  letter,  questionnaire  and  a  self- 
addressed,  stamped  envelope  was  mailed  on  a  Monday  to  each 
recipient.  A  follow-up  letter  was  mailed  the  following  Monday  to 
thank  early  respondents  and  remind  nonrespondents  to  complete 
and  return  the  questionnaire.  All  nonrespondents  were  sent  a  sec- 
ond follow-up  letter  the  third  Monday  after  the  initial  mailout. 

Except  for  recreational  trap  fishermen,  there  is  no  specific  rec- 
reational crabbing  license;  however,  saltwater  angling  license 
holders  are  a  suitable  population  to  sample  for  recreational  crab- 
bing activities.  A  total  of  752  individuals  was  randomly  selected 
from  approximately  18,600  anglers  who  purchased  saltwater  an- 
gling licenses  in  Terrebonne  Parish  during  the  1987  to  1988  li- 
cense year;  of  these,  81.4%  were  from  Terrebonne  Parish,  3.4% 
from  neighboring  parishes  (i.e.,  Lafourche.  Assumption,  and  St. 
Mary),  6.1%'  from  interior  fringe  parishes  (Ascension,  East  and 
West  Baton  Rouge,  Iberville),  and  9.0%  from  other  areas. 

For  the  recreational  crab  trap  license  survey,  603  individuals 
were  selected  from  the  1.573  license  holders  in  the  1987  to  1988 
license  year:  all  license  holders  from  Terrebonne  (91)  and 
Lafourche  (125)  Parishes;  one-third  of  339  from  other  neighboring 
parishes  (St.  Mary  and  Assumption);  one-third  of  180  from  interior 
fringe  parishes  (Ascension.  Iberville,  East  Baton  Rouge,  and  West 
Baton  Rouge );  and  one-fifth  of  740  from  the  remainder  of  the  state. 

Data  Analysis 

Statistical  .^llalysis  System  (SAS)  data  entry  programs  were 
designed  for  each  survey,  and  various  data  summations  were  ac- 
complished using  various  SAS  procedures  (SAS  Institute  1987). 
Estimated  blue  crab  harvest  by  number  was  converted  to  harvest 
by  weight.  The  mean  size  (mm  CW)  of  measured  crabs  was  de- 
termined, and  then  average  weight  was  calculated  with  a  carapace 
width-weight  regression  equation  (Pullen  and  Trent  1970).  The 
average  weight  was  then  multiplied  by  the  estimated  harvest  by 
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Figure  2.  Roving  clerk  creel  survey  route  (cross-hatched  area)  In  Terrebonne  Parish. 


number.  This  method  may  not  be  as  accurate  as  summation  of 
individual  weights,  but  it  is  satisfactory  for  converting  total  num- 
ber to  weight.  The  average  size  of  crabs  measured  during  the 
roving  clerk  creel  survey  was  considerable  applicable  to  other 
fishing  modes. 

Total  effort  and  harvest  for  land-based  crabbers  from  the  roving 
clerk  intercept  survey  were  estimated  for  three  periods:  April  to 
May;  June  to  August;  and  September  to  October.  Catch  per  party 
hour  (CPHRl  by  day  type  for  each  period  was  calculated  directly 
from  interviewed  crabbers.  Total  effort  by  period  was  obtained  by 


expanding  the  average  weekday  and  weekend/holiday  crabbing 
effort  in  party  hours  by  the  total  number  of  each  day  type.  Total 
harvest  for  each  period/day  type  stratum  was  determined  from  the 
simple  product  of  CPHR  and  estimated  effort. 

Terrebonne  Parish  harvest  of  blue  crabs  by  recreational  shrimp 
trawlers  in  1989  was  calculated  by  area  of  residence  (Terrebonne 
Parish.  Lafourche  Parish,  and  other  areas)  according  to  the  follow- 
ing formula: 

Harvest  =    (number  of  trawlers)  x  (trips  with  crab  bycatch) 
X  (catch  per  trip). 
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The  average  trips  with  crab  bycatch  and  catch  per  trip  were 
obtained  from  access  point  survey  interviews.  The  number  of 
shrimp  trawlers  was  determined  by  applying  the  proportion  of 
interviewed  resident  and  nonresident  trawlers  to  the  estimated 
number  of  1989  Terrebonne  Parish  recreational  trawlers;  this  num- 
ber was  considered  equivalent  to  the  number  ( 1 .420)  of  recre- 
ational trawl  licenses  sold  to  parish  residents  during  the  1986  to 
1987  license  year,  the  last  year  a  recreational  gear  license  for 
trawls  larger  than  4.8  m  was  available. 

The  harvests  of  blue  crabs  by  recreational  boat-based  and  land- 
based  crabbers  in  Terrebonne  Parish  were  calculated  according  to 
the  following  formula  for  residents  and  nonresidents: 

Harvest  =  [(number  of  crabbers)  x  (crabbing  trips) 
X  (catch  per  trip)|/2. 

The  average  catch  per  trip  was  obtained  directly  from  the  salt- 
water angler  license  mail  survey;  whereas,  the  number  of  trips  was 
derived  by  summing  the  number  of  trips  completed  in  1989  prior 
to  the  mail  survey  plus  the  number  of  anticipated  trips  for  the 
remainder  of  the  year.  The  over-all  harvest  was  divided  by  two, 
because  normally  at  least  two  individuals  are  present  on  each  trip. 
The  number  of  crabbers  was  derived  by: 

Number  =  (percentage  respondents  x  licensed  anglers 
X  percentage  respondent  participation  in 

crabbing)  +  (percentage  nonrespondents 
X  licensed  anglers 
X  percentage  nonrespondent  participation 

in  crabbing) 
+  (unlicensed  crabbers). 

The  percentages  of  respondents  and  nonrespondents  were  ob- 
tained from  mail  survey  return  rates.  The  percentage  participation 
in  recreational  crabbing  was  based  upon  data  from  the  mail  survey 
and  the  follow-up  telephone  survey  of  nonrespondents.  The  total 
numbers  of  licensed  (i.e.,  possession  of  a  saltwater  fishing  license) 
resident  and  nonresident  anglers  were  based  upon  the  percentage 
of  each  group  for  the  1987  to  1988  license  year  times  the  total 
number  of  licenses  ( 19,825)  sold  during  the  1988  to  1989  license 
year;  this  formula  yielded  an  estimate  of  16.138  resident  and  3,687 
nonresident  anglers.  Because  the  "lead  person"  participating  in 
boat  crabbing  is  usually  at  least  16  years  of  age.  unlicensed  crab- 
bers were  assumed  to  be  more  than  59  years  of  age,  because 
boat-based  crabbers  would  probably  also  fish  and  purchase  a  salt- 
water angling  license.  The  proportion  of  individuals  over  59  years 
to  the  total  number  of  crabbers  was  obtained  from  the  roving  clerk 
creel  survey  interviews  and  applied  to  the  estimated  number  of 
licensed  boat-based  crabbers.  The  number  of  land-based  crabbers 
was  determined  in  a  similar  fashion,  except  that  the  number  of 
unlicensed  anglers  included  not  only  crabbers  more  than  59  years 
of  age.  but  also  those  between  the  ages  of  16  to  59;  percentage 
estimates  were  obtained  from  the  roving  clerk  creel  survey  inter- 
views. 

The  harvest  of  blue  crabs  by  recreational  trap  fishers  in  Terre- 
bonne Parish  in  1989  by  area  (Terrebonne  Parish,  northern 
Lafourche  Parish,  and  others)  was  calculated  according  to  (he  fol- 
lowing formula: 

Harvest  =  (number  of  tiap  fisherman) 
X  [number  of  trap  sets] 
X  (catch  per  set). 

Catch  per  set  was  obtained  directly  from  the  recreational  crab 


trap  license  mail  survey.  The  number  of  trap  fishers  was  deter- 
mined by  the  product  of  the  total  number  of  trap  licenses  according 
to  license  records  and  the  percentage  of  those  who  crabbed  in 
Terrebonne  Parish.  The  number  of  trap  sets  was  derived  by  sum- 
ming the  number  of  times  traps  were  fished  overnight  in  1989  prior 
to  the  mail  survey  plus  the  number  of  anticipated  trap  sets  for  the 
remainder  of  the  year. 
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Unless  otherwise  noted,  summary  data  presented  in  this  section 
were  based  on  April  through  October  surveys.  Most  (76.2%)  land- 
based  crabbers  began  between  0700  and  1 100;  only  17.3%  began 
after  1200.  Conversely,  few  (5.4%)  crabbers  finished  before  1 100 
and  a  majority  (56.97f )  stopped  between  1 100  and  1500. 

Most  interviewed  land-based  crabbers  were  residents  of  Terre- 
bonne Parish  (55.9%)  or  adjacent  northern  Lafourche  Parish 
(35.1%);  the  nearest  crabbing  area  to  northern  Lafourche  is  Ter- 
rebonne Parish.  Recreational  crabbers  in  Tenebonne  Parish  trav- 
eled an  average  of  57.0  kilometers  (km),  spent  $22.31  and  crabbed 
for  4.2  hours  with  a  party  size  of  3.3.  Males  outnumbered  females 
1.5  to  1.0.  Crabbers  less  than  16  years  of  age  comprised  34.3%  of 
the  total  despite  their  relatively  small  range  in  years.  Within  the  16 
to  59-year-old  group,  approximately  half  (51.0%)  had  a  saltwater 
angling  license. 

Land-based  crabbers  generally  did  not  trawl  or  participate  in 
boat-based  crabbing.  Interviewed  crabbers  averaged  7.9  land- 
based  crabbing  trips  per  year,  but  only  participated  in  0.6  directed 
boat-based  crabbing  trips  and  1 .0  trawling  trips  where  crab  bycatch 
was  retained.  Of  interviewed  crabbers,  the  purpose  of  the  day's  trip 
was  to  "crab  only"  for  approximately  two-thirds,  to  "crab  and 
fish"  for  approximately  one-fourth,  and  to  "crab  and  camp"  for 
the  remainder. 

Six  gear  types  (drop  net.  hand  line,  trotlme.  traps,  dipnet,  and 
rod  and  reel)  were  used  by  land-based  crabbers.  Hand  lines  and 
drop  nets  were  employed  by  71.3  and  25.2%  of  land-based  crab- 
bers, respectively.  Other  gear  types  were  used  by  2.5%  or  less  of 
land-based  crabbers.  The  average  number  of  gear  units  was  8.0  for 
hand  lines  and  6.0  for  drop  nets.  For  the  two  dominant  gear  types. 
CPHR  was  22.9  with  hand  lines  and  12.4  with  drop  nets. 

Five  different  baits  (fish,  chicken  or  turkey,  beef,  organs,  and 
other)  were  used  by  interviewed  land-based  crabbers.  Chicken  or 
turkey  was  the  most  commonly  used  bait  (56.5%  of  total)  and  the 
most  efficient  with  a  CPHR  of  22.5,  Fish  was  the  second  most 
common  bait  type  (22,5%  of  total),  but  CPHR  ( 15.6)  for  this  bait 
ranked  next  to  last. 

Male  crabs  dominated  the  catch,  comprising  72.5%  of  the  total. 
Average  size  of  crabs  was  133.9  mm  CW.  Although  the  minimum 
commercial  size  of  127  mm  CW  size  does  not  apply  to  recreational 
crabbers,  it  is  a  useful  point  of  reference.  Approximately  40%  of 
ineasured  crabs  were  below  127  mm  CW  despite  an  over-all  re- 
lease rate  of  30%. 

The  over-all  CPHR  and  catch  per  trip  (CPTRIP)  of  retained 
crabs  from  April  to  October  was  20.0  and  83.8.  respecti\'ely  (Table 
I ).  Both  CPHR  and  CPTRIP  were  lower  on  weekend/holidays  than 
on  weekdays;  whereas,  trip  length  and  crabbing  effort  were  higher 
(Table  1). 

The  CPTRIP  was  infiuenced  more  by  trip  length  than  by  party 
size  or  number  of  gear  units.  There  was  a  significant  relationship 
(r  =  0.31.  p  <  .0001)  between  trip  length  and  CPTRIP,  but  not 
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TABLE  1. 

Monthly .  day-tvpe.  and  over-all  mean  in  trip  length  in  hours  (time), 

catch-per-party-hour  iCPHRi,  and  catih-per-trip  (CPTRlPl  rates. 

and  number  of  crahbing  parties.  Day -type  and  over-all  summary 

are  based  upon  .\pril  to  October  data. 


Time 

CPHR 

CPTRIP 

Parties 

Month 

April 

3.7 

10.7 

39.6 

2.0 

May 

3.6 

16.6 

59,8 

3.1 

June 

4.1 

21.2 

86,9 

7.5 

July 

4.5 

30.1 

135.4 

10.0 

August 

3.8 

28.4 

107.9 

8.2 

September 

4.7 

10.3 

48.4 

11.0 

October 

4.7 

8.1 

38.1 

3.6 

November 

3.2 

3.8 

12.2 

1.7 

December 

0.0 

January 

0.0 

February 

0.0 

March 

4.6 

13.9 

63,9 

1.0 

Day  type 

Weekend/holiday 

4.5 

17.1 

76.9 

8.3 

Weekday 

3.7 

25.7 

95.1 

4.3 

Overall 

4.2 

20.0 

83.8 

6.4 

with  party  size  or  number  of  gear  units.  No  consistent  association 
was  evident  between  CPHR  and  number  of  gear  units. 

Number  of  observed  crabbers  and  catch  rates  exhibited  pro- 
nounced seasonal  \  ariations  (Table  1 ).  Values  for  CPHR  increased 
throughout  the  spring  months,  peaked  from  June  to  August  with 
values  ranging  from  21.2  to  30,1.  and  then  steadily  declined  during 
the  fall.  The  number  of  crabbers  steadily  increased  from  April  to 
a  high  in  September  and  then  declined  sharply.  The  highest  level 
of  crabbing  effort  was  from  June  to  September.  No  crabbers  were 
observed  during  December  to  February,  and  November.  March, 
and  April  each  averaged  2,0  or  fewer  parties  per  survey. 

A  total  of  4,427  trips  consisting  of  18,470  party  hours  was 
expended  to  harvest  320.294  crabs  weighing  38,366  kg  (Table  2), 
The  summer  months  (June  to  August)  had  higher  values  of  both 
effort  and  hardest  per  month  than  the  spring  (April  to  May)  and  fall 
(September  to  October)  months. 

Access  Point  Trailer  Survey 

Two  hundred  and  thirty-five  recreational  trawlers  were  inter- 
viewed. On  the  average,  interviewed  recreational  shrimp  trawlers 
traveled  58.9  km,  spent  S39.84,  trawled  for  3.3  hours,  and  used  a 
7.7-m  trawl.  Only  13.5%  used  a  4.8-m  or  less  trawl. 

TABLE  2. 

Expanded  estimates  of  fishing  effort  and  harvest  from  the  roving 
creel  survey  of  recreational  land-based  crabbers,  .\pril  to 


Male  crabs  comprised  6 1  Mr  of  total  catch.  Average  size  of 
crabs  was  174.2  mm  CW.  Approximately  IC/r  of  the  measured 
crabs  were  below  the  127  mm  CW  minimum  commercial  size. 
Most  recreational  trawlers  culled  their  crab  bycatch,  with  approxi- 
mately one-third  of  the  catch  discarded  and  returned  to  the  water. 

Recreational  shrimp  trawlers  averaged  7.9  total  trips  and  6.0 
trips  (75.99f  of  total)  with  crabs  in  1989  (Table  3).  The  average 
CPTRIP  was  1 1 ,9,  of  which  0.2  were  soft  crabs.  Although  trawling 
effort  was  higher  for  Terrebonne  Parish  residents  than  for 
Lafourche  Parish  residents,  the  percentage  frequency  of  crab  catch 
was  lower  for  the  foriner.  Annual  crab  har\est  per  trawl  fisherman 
averaged  71.4,  with  the  highest  value  (128.0)  for  Lafourche  Parish 
residents.  Twenty-one  hundred  recreational  trawl  fishermen  ex- 
pended 12,610  trips  to  harvest  208.164  crabs  weighing  24.938  kg 
in  Terrebonne  Parish  in  1989  (Table  4). 

Recreational  shrimp  trawlers  participated  at  a  low  rate  in  di- 
rected crabbing  effort.  Interviewed  trawlers  averaged  only  0.3  and 
0.2  trips  per  year  for  land-based  and  boat-based  crabbing,  respec- 
tively. Only  9.5  and  6.49^  of  trawlers  participated  in  directed  land- 
based  or  boat-based  crabbing,  respectively. 

Saltwater  Angler  Mail  Survey 

Discounting  invalid  or  incomplete  addresses,  an  over-all  return 
rate  of  62%  was  obtained.  Approximately  one-third  (32.3%)  of 
respondents  crabbed  in  Terrebonne  Parish  during  1989.  Terre- 
bonne Parish  (34.7%)  and  adjacent  parishes  (25.0%)  had  the  high- 
est rates  of  panicipation.  Nonresidents  had  an  over-all  participa- 
tion rate  of  21.7%. 

Of  fishermen  who  crabbed  in  Terrebonne  Parish,  44.8%  either 
owned  or  had  unlimited  access  to  a  camp,  and  20.1%^  were  occa- 
sional campers.  Campers  had  more  land-based  and  boat-based 
crabbing  trips  and  more  trawl  trips  where  crabs  were  retained  than 
noncampers. 

Approximately  one-third  of  respondents  who  crabbed  indicated 
that  they  crabbed  primarily  "to  catch  crabs  to  eat."  One-fourth 
selected  "family/friends  outing"  as  the  primary  motive  for  crab- 
bing. One-fourth  of  the  respondents  indicated  that  "food  plus  the 
outing  or  outdoor  experience"  were  the  primary  motives.  These 
findings  suggest  that  although  the  prospects  of  a  "crab  supper" 
may  be  a  necessary  component  of  the  crabbing  experience,  other 
nontangible  factors  are  also  important. 

Of  saltwater  angler  license  respondents  who  crabbed  recre- 
ationally.  73.3  and  72.6%  were  involved  in  boat-based  and  land- 
based  crabbing,  respectively,  and  54.8%  crabbed  both  from  land 
and  boats.  Crabbing  effort  (i.e..  number  of  trips)  and  catch  rates  for 

TABLE  3. 

Summary  of  1989  Terrebonne  Parish  crabbing  effort,  catch,  and 
harvest  per  crabber  for  each  fishing  mode. 

Land 


Creel 

Mail 

Boat 

Trap 

Trawl 

Effort 

Harvest  (No.) 

Number  of  trips 
Catch/trip 
Annual  harvest 
Other  crabbing  tnps 

Land 

Boat 

Trawl  bycatch 

7.9 
83.8 
662 

0.6 

1.0 

5.8 
34.7 
201 

1.5 

2.5 

7.6 
43.4 
330 

1.2 

5.2 

11.6 
60.7 
704 

2.4 
2.1 
3.4 

6.0 

Period 

Trips 

Party  Hours 

Total  Hours 

11.9 
71 

April-May 
June-Aug 
Sept-Oct 
Total 

716 
2.641 
1.070 
4.427 

2.614 
10.827 

5.029 
18.470 

8.197 
37.238 
13.689 
59.124 

34.347 
253,998 

31.949 
320.294 

0.3 
0.2 
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TABLE  4. 

Summary  of  expanded  estimates  of  1989  Terrebonne  Parish  effort  and  harvest  for  each  recreational  crab  Ashing  mode.  (Numbers  are 
rounded  off  to  nearest  10;  total  based  upon  mail  survey  results  of  land-based  crabbers.) 


Effort 


Fishermen 

Trips 

Land-based  crabbers 

Creel  survey 

NA 

4,430 

Mail  survey 

7,690 

13,000-' 

Boat-based  crabbers 

6.950 

12.460" 

Trap  crabbers 

150 

L720 

Trawl  bycatch 

2,100 

12,610 

Total 

39,790 

Party-Hrs. 


Harvest 


Number 

Weight  (kg) 

320.290 

38,370 

465,150 

55.720 

529,770 

63.470 

104,500 

12.520 

208,160 

29.940 

1,307,580 

156.650 

18,490 

NA 

NA 

NA 

41.fi20 


NA  =  no(  available. 

"  =  Eslimales  based  on  2  adulls  preseiK  per  trip. 


the  land-based  and  boat-based  modes  were  similar  for  residents 
and  nonre.sidents.  The  number  of  trawling  trips  where  crab  bycatch 
was  retained  was  greater  for  residents  (3.1 )  than  for  nonresidents 
(0.0). 

Because  the  response  rate  of  the  saltwater  angler  mail  survey 
was  below  70%,  an  abbreviated  follow-up  telephone  survey  was 
conducted  to  evaluate  nonresponse  bias.  The  nonresponse  sample 
totaled  78  (30,8%  of  the  total  nonrespondents  with  a  valid  ad- 
dress)— 45  from  Terrebonne  Parish,  12  from  Lafourche  Parish, 
and  21  from  the  remainder  of  the  state.  Forty-five  valid  interviews 
were  obtained;  33  individuals  were  either  unwilling  to  participate 
or  unreachable. 

Compared  to  mail  survey  respondents,  percentage  participation 
in  recreational  crabbing  by  nonrespondents  was  lower  for  both 
Terrebonne  Parish  residents  ( 15.4  to  34.7%)  and  nonresidents  (5.3 
to  21.7%).  Crabbing  effort  for  residents,  however,  was  slightly 
higher  for  nonrespondents  than  for  respondents.  Nonresident  non- 
respondent  effort  was  disregarded,  because  only  one  individual 
was  included  in  that  category.  These  findings  suggest  that  before 
effort  and  harvest  estimates  are  calculated  from  the  saltwater  an- 
gler license  mail  survey  data,  adjustments  should  be  made  to  in- 
corporate the  lower  pailicipation  rates  of  the  nonrespondents.  The 
adjusted  mean  number  of  trips  and  catch  per  trip  for  land-based 
and  boat-based  crabbers  are  given  in  Table  3.  A  total  of  6.950 
boat-based  crabbers  made  12,460  trips  to  harvest  529.771  crabs 
weighing  63,466  kg  in  Terrebonne  Parish  in  1989,  and  7,690  land- 
based  crabbers  made  13,000  trips  to  harvest  465,152  crabs  weigh- 
ing 55.725  kg  (Table  4). 

Recrealional  Crab  Trap  License  Mail  Survey 

Discounting  invalid  addresses,  an  over-all  return  rate  of  79.4% 
was  achieved.  Terrebonne  Parish  with  94.3%  had  the  highest  re- 
turn rate  of  any  location.  Overall,  20.7%-  of  respondents  crabbed 
recreationally  in  Terrebonne  Parish  during  1989.  with  Terrebonne 
Parish  (75.0%)  and  northern  Lafourche  Parish  (23.7%)  having  the 
highest  participation  rates.  Respondents  from  remaining  areas  had 
participation  rates  of  4.5%  or  less. 

More  than  85%  of  recreational  trap  fishers  either  owned  or  had 
unlimited  access  to  a  camp.  A  majority  (60.4%)  of  camps  used  by 
trap  fishers  were  accessible  only  by  boat.  Trap  fishers  using  camps 
averaged  more  trap  sets  than  occasional  campers  or  noncampers 
(12.8  vs.  2.8  and  5.7). 

Overall,  trap  fishers  averaged  7.2  traps  each,  1 1.6  trap  sets,  and 


a  catch  per  set  of  60.7  crabs  to  harvest  704  crabs  in  Terrebonne 
Parish  in  1989  (Table  3).  Trap  license  holders  also  participated  in 
other  fishing  modes  with  gear  other  than  traps,  averaging  2.4  land- 
based  trips,  2.1  boat-based  trips,  and  3.4  trawl  trips  where  crab 
catch  was  retained.  The  estimated  1989  Terrebonne  Parish  harvest 
by  150  recreational  trap  fishers  using  1.720  trap  sets  was  104.496 
crabs  weighing  12,518  kg  (Table  4). 

Summary 

Survey  data  substantiated  the  presence  of  four  distinct  fishing 
modes  in  the  Terrebonne  Parish  recreational  blue  crab  fishery: 
land-based,  boat-based,  trap  fishers,  and  shrimp  trawlers  retaining 
crab  bycatch.  Participants  in  these  groups,  particularly  land-based 
crabbers  and  trawlers,  tended  to  use  primarily  one  fishing  mode 
(Table  3).  Shrimp  trawling  was  considered  a  nondirected  fishing 
mode.  Individual  trap  fishers  had  higher  effort  ( I  1 .6  trap  sets)  than 
land-based  (5.8-7.9  trips)  or  boat-based  (7.6  trips)  fishers.  The 
estimated  total  numbers  of  fishers,  effort,  and  harvest,  however, 
were  greater  for  boat-based  crabbers  than  for  trap  fishermen  (Table 
4).  Losing  the  higher  mail  survey  estimate  of  harvest  by  land-based 
crabbers,  the  over-all  1989  Terrebonne  Parish  harvest  for  all  fish- 
ing modes  was  1,307,580  crabs  weighing  156,650  kg  (Table  4). 
Cumulative  effort  for  all  user  groups  was  39.790  trips. 

DISCUSSION 

Harvest  by  weight  was  4. 1  %  of  the  reported  1 989  Terrebonne 
Parish  commercial  crab  harvest  of  4.369.806  kg.  The  recreational 
catch  of  blue  crabs  in  Louisiana  was  first  estimated  at  4.97 1 .894  kg 
in  1975,  or  64%  of  the  reported  commercial  catch  (U.S.  Depart- 
ment of  Commerce  1977);  however,  this  estimate  is  now  consid- 
ered to  be  greatly  overestimated  (Guillory  et  al.  1996).  The  only 
other  recent  Louisiana  recreational  crab  harvest  data  were  obtained 
by  Davidson  and  Chabreck  (1983),  who  estimated  that  23.219  kg 
of  blue  crabs  were  harvested  from  Rockefeller  Refuge  in  1981. 
The  percentages  of  recreational  catch  to  commercial  landings  in 
other  northern  Gulf  of  Mexico  studies  were:  20%  in  Alabama 
(Tatum  1982);  less  than  4%  in  Mississippi  (Herring  and  Christmas 
1974);  and  5.9%  in  Galveston  Bay,  Texas  (Benefield  1968). 

Data  obtained  from  the  saltwater  angling  licen.se  mail  survey 
relative  to  participation  in  recreational  crabbing  and  average  crab- 
bing effort  can  be  compared  to  the  eastern  Louisiana  coastal  rec- 
reational survey  of  Titre  et  al.  ( 1988).  Participation  in  Terrebonne 
Parish  crabbing  (32.3%)  by  saltwater  fishers  was  slightly  lower 
than  the  42.7%-  of  boaters  obtained  by  Titre  et  al.  ( 1988).  However. 
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average  Terrebonne  Parish  crabbing  effort  (3.2^.1  land-based 
crabbing  trips  plus  4.6^.8  boat-based  trips)  was  considerably 
higher  than  effort  estimates  ( 1 .29  and  1 .69  annual  trips)  of  Titre  et 
al.  (1988). 

Survey  bias  may  have  contributed  to  the  higher  etfort  and  har- 
vest estimates  of  land-based  crabbers  obtained  from  mail  survey 
data  than  froin  the  roving  clerk  creel  survey.  Significant  differ- 
ences between  catch  rates  and  fishing  time  checked  in  the  field  and 
reported  figures  obtained  in  mail  or  other  passive  surveys  have 
been  documented  (Carline  1972,  Radford  1973,  Jones  et  al.  1977, 
Arnold  and  Paul  1986).  However,  only  the  mail  survey  would  have 
incorporated  data  from  owners  of  camps  without  land  access.  A 
total  of  2.074  camps.  1,189  of  which  had  no  highway  access,  were 
located  in  the  coastal  marshes  of  Teirebonne  Parish  in  the  late 
1970s  (Gary  and  Davis  1979).  Data  obtained  in  this  study  have 
documented  the  increased  crabbing  effort  of  camp  owners  as  com- 
pared to  noncanipers. 

The  recreational  crab  fishery,  although  less  prominent  than  the 
saltwater  t~ish  fishery,  is  nevertheless  an  important  component  of 
the  marine  recreational  sector.  Blue  crabs  are  one  of  the  more 
abundant  macroinvertebrates  in  Louisiana's  coastal  waters  and  are 
easily  caught  from  late  spring  to  late  fall.  Approximately  one-third 
of  saltwater  angling  license  holders  participate  in  recreational 


crabbing,  and  the  average  number  of  crabbing  (both  directed  and 
as  incidental  catch)  trips  are  significant.  Recreational  crabbing,  a 
relatively  inexpensive  family-oriented  outdoor  activity  that  usually 
provides  a  tasty  and  nutritious  meal,  will  probably  increase  in 
importance  in  the  future.  The  number  of  recreatiiinal  trap  licenses 
and  saltwater  angler  licenses  has  increased  substantially  between 
the  survey  period  and  the  1994  to  1995  license  year — from  1.573 
to  3.131  for  trap  licenses  and  215,726  to  315.757  for  saltwater 
angler  licenses. 
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A  REVIEW  AND  EVALUATION  OF  ESCAPE  RINGS  IN  BLUE  CRAB  TRAPS 
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ABSTRACT  Legislative  and/or  agency  mandates  for  escape  rings  in  blue  crab  (Callinectes  sapiJiis)  traps  are  increasing.  Escape  ring 
research  and  management  regulations  are  reviewed.  In  general,  escape  rings  in  hard  crab  traps  usually  reduce  sublegal  catch  without 
any  accompanying  loss  in  legal  catch.  Advantages  and  disadvantages  of  escape  rings  are  listed  and  discussed.  Percentage  escapements 
by  size  group  and  sex  through  escape  rings  of  various  sizes  were  determined.  Based  on  the  criteria  of  maximizing  sublegal  crab 
escapement  without  an  unacceptable  loss  of  legal  blue  crabs,  three  6.03-cm  escape  rings  located  on  the  vertical,  outside  walls  of  the 
upper  chamber  are  recommended.  An  exemption  is  recommended  for  peeler  traps  to  mitigate  loss  of  peeler  crabs  to  soft-shell  crab 
shedders. 

KEY  WORDS:     escape  rings,  traps,  blue  crab,  Callinectes  sapidus 


INTRODUCTION 

Exces.sive  retention  of  sublegal  (<127  mm  carapace  width, 
CW)  blue  crabs  (Callinectes  sapidus)  in  traps  has  been  recognized 
since  introduction  of  the  gear  (Green  1952).  The  ability  to  cull 
sublegal  blue  crabs  in  trap  catches,  the  early  widespread  accep- 
tance that  these  crabs  could  be  returned  unharmed  to  the  water,  and 
relatively  low  fishing  effort  probably  deflected  efforts  to  develop 
more  size-selective  gear  for  many  years.  However,  increased  cap- 
ture and  haiT/est  of  sublegal  blue  crabs  in  many  areas  as  fishing 
effort  increased  (Guillory  and  Merrell  1993),  research  that  vali- 
dated adverse  effects  of  injuries  and  exposure  during  trap  confine- 
ment or  culling  operations  (see  review  of  Murphy  and  Kruse 
1995),  and  the  recognition  by  processors  that  sublegal  blue  crabs 
are  not  profitable,  lead  to  increased  research  efforts  to  develop  gear 
that  reduces  sublegal  catch. 

Escape  rings  have  been  used  to  reduce  catches  of  sublegal  blue 
crabs.  Escape  rings  are  circular  rigid  devices  that  have  dimensions 
greater  than  the  trap  mesh  and  are  attached  to  the  outside  trap  walls 
to  allow  egress  of  sublegal  crabs  that  would  otherwise  be  retained 
by  the  trap  mesh.  Ring  size  is  crucial,  because  it  influences  the  size 
composition  of  catch,  and  consequently  the  sublegal-to-legal  ratio. 
Too  many  sublegal  blue  crabs  will  be  retained  if  the  ring  is  too 
small;  conversely,  the  catch  rate  of  legal  crabs  will  be  reduced  if 
the  ring  is  too  large.  Specific  ring  sizes  have  been  recommended 
through  field  research  (Eldridge  et  al.  1979,  Whitaker  1980,  Guil- 
lory 1989,  Guillory  and  Merrell  1993,  Casey  and  Doctor  1996),  but 
additional  data  are  needed  on  sex-  and  size-related  escapement  of 
blue  crabs  through  different  sizes  of  escape  rings. 

Objectives  of  this  paper  are  to:  ( 1 )  review  research  and  man- 
agement regulations  associated  with  escape  rings  in  blue  crab 
traps;  (2)  discuss  advantages  and  disadvantages  of  escape  rings; 

(3)  determine  theoretical  percentage  of  escapements  of  blue  crabs 
by  size  group  and  sex  through  escape  rings  of  various  sizes;  and 

(4)  make  recommendations  concerning  escape  ring  size,  place- 
ment, and  number  in  blue  crab  traps. 

REVIEW  OF  ESCAPE  RING  RESEARCH  AND  MANAGEMENT 

Escape  vent,  a  more  generic  term  than  escape  rings,  is  used  to 
describe  culling  devices  applied  to  traps.  However,  because  circu- 
lar vents  have  been  emphasized  in  blue  crab  gear  research  and 
regulations,  vents  in  this  report  refer  only  to  rectangular  or  square 
culling  devices.  The  dimensions  of  an  escape  ring  will  pertain  to 
the  inside  diameter. 


Research 

.Several  studies  have  evaluated  escape  rings  in  blue  crab  traps 
(Whitaker  1978,  Whitaker  1980,  Eldridge  et  al.  1979,  Guillory 
1989,  Guillory  1990,  Casey  and  Daugherty  1990,  Casey  et  al. 
1992,  Arcement  and  Guillory  1993,  Guillory  and  Merrell  1993, 
Virginia  Marine  Resources  Commission  (VMRC)  1994a,  VMRC 
1994b.  Casey  and  Doctor  1996).  Other  research  appraised  large 
mesh  panels  (Cronin  1950),  entire  traps  made  of  larger  mesh  (Van 
Engel  1959),  and  mesh  size  and  configuration  (Guillory  1997, 
Guillory  and  Prejean  1997)  to  reduce  blue  crab  sublegal  catch. 
Considerable  data  are  also  available  on  variously  designed  .self- 
culling  pots  or  traps  for  other  decapod  species  (Templeman  1939, 
Templeman  1958,  Wilder  1944,  Wilder  1948,  Jow  1961,  Bowen 
1963,  Bowen  1965,  Ritchie  1966,  Ritchie  1970,  Ritchie  1972,  Bain 
1967,  Winstanley  1971,  Winstanley  1973,  Krouse  and  Thomas 
1975,  Odemar  et  al.  1975,  Stasko  1975,  Crous  1976,  Fair  and 
Estrella  1976,  High  1976,  Miller  1976a,  Brown  1978,  Krouse 
1978,  Nulk  1978,  Pecci  et  al.  1978.  Dybem  1980,  Fogarty  and 
Borden  1980,  Weber  and  Briggs  1983,  Paul  1984,  Skillman  et  al. 
1984,  Maynard  et  al.  1987.  Sinoda  et  al.  1987.  Bouteillier  and 
Sloan,  1988.  Smith  and  Jamieson  1989,  Lyons  and  Hunt  1991). 

A  brief  summary  follows  on  research  findings  concerning;  ( I ) 
effects  of  ring  size,  number,  and  location  on  traps;  (2)  rings  versus 
square  or  rectangular  vents;  (3)  effects  on  peeler  crab  catches;  and 
(4)  ghost  fishing  in  ringed  and  unringed  traps.  Numerous  sizes  of 
escape  vents  (4.44  x  3.81  cm,  5.08  x  3.81  cm,  5.72  x  3.81  cm,  6.35 
X  3.81  cm,  5.40  x  3.81  cm,  5.08  x  5.08  cm)  and  rings  (5.56.  5.72. 
5.87,  6.03,  6.35,  and  6.64  cm)  have  been  evaluated. 

Eldridge  et  aL(1979) 

Several  experiments  were  conducted  in  South  Carolina  in  1977 
and  1978  to  evaluate  the  efficiency  of  various  numbers  and  sizes 
of  rectangular  vents  and  escape  rings.  Escape  rings  or  vents  were 
located  on  the  sides  of  the  trap.  Five  rectangular  escape  vents  (4.44 
X  3.81  cm.  5.08  x  3.81  cm,  5.72  x  3.81  cm,  6.35  x  3.81  cm,  and 
5.40  X  3.81  cm)  and  four  escape  rings  (5.72,  6.03,  6.35,  and  6.64 
cm)  were  evaluated.  Traps  with  three  6.35-cm  escape  rings  yielded 
the  best  results — an  82%  reduction  in  sublegal  catch  per  unit  effort 
(CPUE)  and  a  4.2%  increase  in  legal  CPUE.  The  6.03-cm  escape 
ring  also  yielded  acceptable  results — a  67%  reduction  in  sublegal 
CPUE  and  an  8.5%  increase  in  legal  CPUE.  There  was  a  signifi- 
cantly lower  sublegal  crab  CPUE  in  traps  with  three  6.35-cm  es- 
cape rings  (two  in  the  upper  chamber  and  one  in  the  lower  cham- 
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ber)  than  in  traps  with  two  6.35-cm  escape  rings  (one  in  each 
chamber). 

Whitaker(1978) 

Two  different  escape  rings  (6.03  and  6.35  cm)  were  compared 
in  South  Carohna  in  1977.  A  ring  was  placed  in  each  chamber  near 
the  corner  just  above  the  floor  and  baffle.  In  traps  with  the  6.03-cm 
and  6.35-cm  rings,  sublegal  CPUE  was  reduced  75  and  83.37c. 
respectively;  whereas,  legal  CPE  increased  ll.l^f  and  decreased 
12.3%,  respectively. 

Whitaker(1980) 

Traps  with  two  6.35-cm  escape  rings  were  compared  to  un- 
ringed  traps  in  1979  in  South  Carolina  in  high  and  low  salinity 
areas.  In  ringed  traps,  sublegal  CPUE  was  reduced  approximately 
90%  in  both  areas:  whereas,  legal  CPUE  increased  12.1%  and 
decreased  41.5%.  Reduction  in  legal  CPUE  occurred  because  of 
loss  of  small,  legal  ■■|ong-spined""  females  at  the  high  salinity  site. 

Casey  et  al.  (1992)/Casey  and  Doctor  (1996) 

Traps  with  one,  two,  and  three  5.72-cm  escape  rings  were 
compared  to  unringed  traps  in  a  bay  and  river  site  in  the  Chesa- 
peake Bay  estuary,  Maryland.  Rings  were  placed  in  the  comers  of 
the  lower  and  upper  chambers.  Sublegal  CPUE  in  ringed  traps  was 
significantly  less  than  in  unringed  traps,  and  was  reduced  from 
80-89%  and  41-65%  at  the  bay  and  river  site,  respectively.  Sub- 
legal  CPUE  decreased  with  increased  number  of  rings.  Legal 
CPUE  in  ringed  traps  increased  from  18.0-36.2%  at  the  bay  site 
and  decreased  from  3.7-12.9%  at  the  river  site. 

Guillory  and  Merrell  (1993) 

Escape  ring  location,  number,  and  sizes  were  evaluated  in  1986 
and  1987  in  the  Terrebonne  Bay  estuary.  Louisiana.  The  optimum 
escape  ring  location  was  flush  with  the  floor  or  apron.  Percentage 
of  sublegal  blue  crabs  decreased  with  increased  ring  number;  a 
minimum  of  three  rings  per  trap  was  recommended  with  at  least 
two  in  the  outer  chamber.  A  6.03-cm  escape  ring  was  recom- 
mended based  upon  CPUE  of  sublegal  and  legal  crabs  and  selec- 
tivity curves.  With  reference  to  unringed  traps,  sublegal  CPUE  was 
reduced  78.8%  and  77.6%  in  traps  with  6.03-cm  and  6.35-cni 
rings,  respectively,  but  only  48.6%  in  traps  with  5.72-cm  rings. 
Legal  CPE  increased  in  ringed  traps  relative  to  unringed  traps — 
9.8%  with  6.03-cm  rings.  4.2%  with  5.72-cm  rings,  and  3.5%  with 
6.35-cm  rings. 

Guillory  (1989) 

Square  (5.08-cm)  vents  and  6.03-cm  escape  rings  were  con- 
trasted in  1988  in  the  Terrebonne  Bay  estuary,  Louisiana.  Three 
escape  vents  or  rings  were  placed  in  the  outer  chamber,  with  one 
level  with  the  floor  and  two  level  with  the  baffle.  Size  composition 
of  the  catch  was  similar  in  traps  with  rings  and  vents.  Sublegal 
CPUE  in  the  vented  or  ringed  traps  was  reduced  more  than  80% 
from  unringed  traps,  with  no  significant  difference  in  legal  CPUE 
between  the  vented  and  ringed  traps. 

Guillory  (1990) 

CPUE  of  premolt  blue  crabs  was  quantified  in  vented  (5.()8-cm 
square),  ringed  (6.03  cm),  and  unringed  traps  ni  the  Terrebonne 


Bay  estuary,  Louisiana.  Escape  rings  or  vents  were  placed  in  the 
outer  chamber,  with  one  flush  with  the  floor  and  two  flush  with  the 
baffle.  Rank  peeler  (pink-line  and  red-line  molt  stages)  CPUE  was 
reduced  slightly  more  than  70%  in  vented  and  ringed  traps,  which 
corresponded  to  the  over-all  percentage  loss  of  sublegal  crabs. 

Arcement  and  Guillory  (1993) 

Ghost  fishing  mortality  over  a  3-month  period  in  the  Terre- 
bonne Bay  estuary,  Louisiana  was  monitored  in  ringed  (three  6.03- 
cm  escape  rings)  and  unringed  traps.  Mortality  of  blue  crabs  was 
significantly  less  in  ringed  (5.3  per  trap)  than  in  unringed  ( 17.3  per 
trap)  traps.  Higher  mortality  in  unringed  traps  was  attributed  to  the 
presence  of  significantly  greater  numbers  of  sublegal  blue  crabs. 
Average  time  of  confinement  for  blue  crabs  that  escaped  from 
ringed  and  unringed  traps  was  5.9  and  9.3  days,  respectively. 

Virginia  Marine  Resources  Commission  (1994a) 

Data  were  obtained  on  traps  with  a  single  5.87-cm  escape  ring. 
In  unringed  traps.  34%  of  the  crabs  were  small  enough  to  escape; 
whereas,  in  ringed  traps,  approximately  50%  of  sublegal  crabs 
escaped.  In  ringed  traps,  total  crab  weight  was  reduced  12%  from 
unringed  traps. 

Virginia  Marine  Resources  Commission  (1994b) 

Blue  crabs  collected  in  commercial  crabbing  gear  were  mea- 
sured and  sexed  to  determine  potential  escapement  through  a  5.87- 
cm  escape  ring.  Half  of  imiuature  females,  38.5%  of  sublegal 
males,  and  17.5%  of  legal  mature  females  could  theoretically  es- 
cape through  the  ring.  Theoretical  escapement  through  a  5.56-cm 
escape  ring  also  was  determined:  47.5%  of  immature  females, 
21.5%  of  sublegal  males,  and  6%  of  legal  mature  females. 

Guillory  and  Hein  (this  volume) 

This  survey  contrasted  ringed  and  unringed  traps  with  either 
3.81 -cm  square  or  hexagonal  mesh  in  the  Terrebonne  Bay  estuary, 
Louisiana  during  1993  and  1994.  Three  5.87-cm  rings  were  placed 
flush  with  the  floor  and  baffle  of  the  outer  chamber  in  both  mesh 
types.  Sublegal  CPUE  was  significantly  lower  in  ringed  traps  than 
in  unringed  traps  of  both  mesh  types.  Sublegal  CPUE  was  signifi- 
cantly lower  in  unringed  hexagonal  mesh  traps  than  in  unringed 
square  mesh  traps.  The  resulting  percentage  of  sublegal  crabs  in 
ringed  hexagonal  and  square  mesh  traps  was  28%  and  33%,  re- 
spectively. Legal  CPUE  increased  10.2%  in  ringed  hexagonal  traps 
from  unringed  hexagonal  traps.  The  percentage  of  sublegal  crabs 
in  ringed  hexagonal  mesh  traps  was  16.4%  less  than  in  ringed 
square  mesh  traps. 

Summary  of  Research  Results 

Although  sublegal  crab  catch  may  not  be  decreased  to  below 
legal  allowable  tolerances  (e.g.,  10%  in  Louisiana)  in  areas  where 
high  densities  of  sublegal  crabs  (i.e.,  50-75%  of  total  catch  in 
unringed  traps)  occur,  a  significant  reduction  in  sublegal  catch  can 
be  expected  when  using  escape  rings  of  the  proper  size,  number, 
and  location.  Legal  catch  is  usually  maintained  and,  in  some  in- 
stances, may  actually  increase  in  ringed  traps.  Results,  however, 
can  vary  significantly  with  different  escape  ring  sizes  and  in  dif- 
ferent geographic  areas  or  habitats  because  of  differences  in  den- 
sity, size  distribution,  and  sex  ratio  of  the  blue  crab  population. 
According  to  a  compilation  of  results  (Whitaker  1978,  Whitaker 
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1980.  Eldridge  et  al.  1979.  Guillory  1989.  Guillory  and  Merrell 
1993,  Casey  and  Doctor  1996)  from  areas  with  high  abundance  of 
sublegal  crabs,  the  percentage  reduction  in  sublegal  crabs  in  ringed 
traps  increased  with  ring  size — .'i.72  em.  18-65%;  5.87  cm.  50- 
63%:  6.03  cm.  75-80%;  and  6.35  cm.  79-90%.  The  percentage 
reduction  in  sublegal  catch  in  traps  with  6.35-cm  rings  was  fairly 
consistent  (82.6-94.5%)  in  different  experiments,  but  the  highest 
percentage  (13.9%)  of  sublegal  crabs  was  3.2  times  greater  than 
the  lowest  percentage  (4.3%)  (Guillory  and  Merrell  1993).  Suble- 
gal catch  in  ringed  traps  also  would  increase  as  the  sublegal  crab 
population  susceptible  to  trap  capture  becomes  skewed  toward  the 
legal  minimum  size  of  127  mm  CW.  Likewise,  if  there  is  a  high 
density  of  127-136  mm  CW  crabs,  legal  catch  may  be  reduced 
because  of  escapement  of  small  legal  crabs,  especially  females. 
Female  crabs  have  longer  lateral  spines  than  males  of  comparable 
carapace  width  (Guillory  and  Hein  1997)  and  small  legal  ( 1 27-i  36 
mm  CW)  females  will  have  higher  escapement  rates  through  es- 
cape rings  than  males  (see  Discussion  section). 

Advantages  and  Disadvantages 

Eldridge  et  al.  (1979).  Guillory  and  Merrell  (1993).  and  Casey 
and  Daugherty  (1990)  listed  numerous  benefits  that  escape  ring 
mandates  and  resultant  decrease  in  sublegal  CPE  would  accrue  to 
fishers,  dealer/processors,  and  the  blue  crab  resource.  The  advan- 
tages of  escape  rings  include  the  following. 

( 1 )  There  may  be  an  immediate  increase  in  legal  crab  CPUE 
because  of  trap  saturation  effects  associated  with  excessive 
retention  of  sublegal  blue  crabs  (Guillory  and  Merrell 
1993).  In  theory,  total  catch  of  a  trap  does  not  exceed  a 
specific  critical  volume.  Sublegal  crabs  comprise  a  rela- 
tively high  percentage  of  the  saturation  level  in  unringed 
traps,  but  in  ringed  traps,  most  sublegal  crabs  egress 
through  the  escape  ring  while  legal  crabs  continue  to  enter, 
because  these  traps  either  do  not.  or  take  longer  to,  become 
saturated.  The  limiting  factor  in  trap  saturation  effects  is 
probably  not  physical  limitation  of  space  but  rather  behav- 
ioral interactions  between  blue  crabs  inside  and  outside  the 
trap,  as  suggested  for  the  American  lobster.  Homarus 
americanus  (Fogarty  and  Borden  1980).  for  two  species  of 
Cancer  (Miller  1979).  and  red  king  crab.  Paralithodes 
camtschatica  (Rothschild  et  al.  1970).  Blue  crabs  are  no- 
toriously aggressive  even  under  optimum  conditions,  and 
are  probably  even  more  antagonistic  in  a  crowded,  baited 
trap,  as  demonstrated  with  spider  crabs.  Maia  squinada 
(Rodhouse  1984).  and  suggested  for  American  lobster 
(Cooper  and  Uzmann  1977).  Higher  legal  catches  in  ringed 
than  in  unringed  traps  have  been  shown  for  blue  crab  (El- 
dridge et  al.  1979,  Whitaker  1980,  Guillory  and  Merrell 
1993),  American  lobster  (Krouse  and  Thomas  1975, 
Krouse  1978,  Fogarty  and  Borden  1980).  and  western  rock 
lobster,  Panidinis  cygnus  (Bowen  1963.  Winstanley  1973). 

(2)  The  effects  of  trap  confinement  and  culling  operations  on 
sublegal  blue  crabs  should  be  of  concern  because  of  im- 
mediate and  delayed  effects  (Murphy  and  Kruse.  1995); 
however,  these  effects  will  be  reduced  in  ringed  traps  be- 
cause of  increased  egress  of  sublegal  crabs.  Brown  ( 1971 ) 
and  Lyons  and  Kennedy  ( 1981 )  recommended  escape  vents 
in  western  rock  lobster  and  Caribbean  spiny  lobster.  Panii- 
linis  argiis.  traps  to  reduce  the  substantial  negative  impacts 
of  handling  injuries. 


The  blue  crab  is  well  known  for  its  cannibalistic  feeding 
habits,  particularly  in  confined  areas.  Speir  et  al.  (1995) 
pointed  out  that  small  blue  crabs  may  suffer  high  immedi- 
ate mortality  rates  in  traps  because  of  conspecific  predation 
by  larger  individuals.  Blue  crab  cannibalism  in  ghost  traps 
was  documented  by  Guillory  (1993). 

Injuries  and  physiological  stress  may  result  in  delayed 
mortalities  and  reduced  future  growth  rate  of  blue  crabs. 
Exposure  to  air  and  sunlight  has  resulted  in  gill  dehydra- 
tion, eye  damage,  and  physiological  changes  (increased 
pumping  rates,  decreased  oxygen  uptake,  and  increased 
hemolymph  lactic  acid  and  ammonia  levels)  in  various  de- 
capod species  (Lynch  and  Webb  1973.  Defur  and  McMa- 
hon  1978.  McMahon  et  al.  1978.  Vermeer  1987.  Winkler 
1987).  Damaged  appendages  were  documented  in  57%  (El- 
dridge et  al.  1979)  and  25%  (McKenna  and  Camp  1992)  of 
trap-caught  blue  crabs.  Even  discounting  eariier  nontrap- 
related  injuries  (Smith  |1990a|  found  that  18-257r  of  blue 
crabs  had  older,  noncollection-related  injuries)  the  inci- 
dence of  injuries  or  limb  loss  of  blue  crabs  in  traps  or 
during  culling  are  high.  Although  limb  loss  may  accelerate 
ecdysis  in  some  decapod  crustaceans  (Aiken  1977).  chelo- 
tomy  or  multiple  limb  loss  did  not  reduce  the  intermolt 
period  in  blue  crabs  (Ary  et  al.  1987.  Smith  1990a).  Van 
Engel  ( 1958)  suggested  that  blue  crab  injuries  may  reduce 
the  growth  increment  at  molting  from  25-33%  to  5-10%, 
or  possibly  no  increase  at  all.  Chelotomized  blue  crabs  had 
reduced  growth  rates  of  16.9-18.0%  (Ary  et  al.  1987). 
Multiple,  but  not  single,  limb  loss  was  shown  to  reduce 
significantly  the  molt  increment  and  percentage  weight 
gain  in  blue  crabs  (Smith  1990b).  Reduced  growth  rates 
following  limb  loss  or  injury  akso  have  been  shown  for 
other  decapods  (Bennett  1973.  Chittleborough  1974a, 
Chittleborough  1975,  Kuris  and  Mager  1975,  Savage  and 
Sullivan  1978,  Davis  and  Dodrill  1980,  Davis  1981,  Brown 
and  Caputi  1985.  Hunt  and  Lyons  1986).  Davis  (1981) 
presented  data  showing  that  injury-slowed  growth  rates  in 
Caribbean  spiny  lobster  resulted  in  reduced  size  at  sexual 
maturity,  because  maturation  is  more  a  function  of  age  than 
size  (Chittleborough  1974b). 

McKenna  and  Camp  (1992)  found  an  average  7%  de- 
layed mortality  of  blue  crabs  caught  in  traps.  Delayed  han- 
dling mortality  of  other  trap-caught  decapods  also  have 
been  assessed:  3%  (Byersdorfer  and  Watson  1992)  and 
5.2%  (Stevens  and  Macintosh  1993)  for  red  king  crab;  3% 
for  Norway  lobster.  Neoplins  nun'egiciis  (Chapman  1981); 
11%  for  tanner  crab,  Chionoecetes  bairdi  (Stevens  and 
Macintosh  1993);  14.6%  for  western  rock  lobster  (Brown 
and  Caputi  1986);  and  possibly  13.1%  in  juvenile  Carib- 
bean spiny  lobster  after  one  week  (Hunt  et  al.  1986).  Re- 
search has  shown  that  delayed  mortalities  of  western  rock 
lobster  increased  with  air  exposure  (Brown  and  Caputi 
1983),  with  exposures  of  as  brief  as  0.5  h  resulting  in 
mortalities.  Aberrant  defensive  and  escape  behavior  result- 
ing from  secondary  physiological  damage  after  exposure- 
induced  stress  (Vermeer  1987)  and  limb  loss  (Brown  and 
Caputi  1983.  Smith  1990b)  may  also  contribute  to  delayed 
mortalities  in  decapods. 
(3)  A  future  increa.se  in  legal  crab  CPUE  also  may  occur 
because  of  decreased  fishing  and  handling  mortalities 
resulting  from  reduced  capture  of  sublegal  crabs.  Most 
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trap-caught  sublegal  crabs  will  attain  legal  size  at  their  next 
molt.  Blue  crabs  102-127  mm  CW  will  probably  molt 
every  30^0  days  (Tagatz  1968)  from  spring  through  fall. 
A  1 14  mm  CW  blue  crab  weighing  88  g  increasing  in  CW 
approximately  30%  (Gray  and  Newcombe  1938)  would 
attain  an  estimated  size  of  147  mm  CW  and  a  weight  of  168 
g  within  the  next  intermolt  period  (Guillory  and  Hein 
1997). 

(4)  Escape  rings  will  reduce  ghost  fishing  moilality  in  traps. 
Crab  mortalities  in  unringed  ghost  traps  in  Louisiana  av- 
eraged 25.8  per  trap  for  1  year  (Guillory  1993)  and  17.3  per 
trap  for  3  months  (Arcement  and  Guillory  1993).  Casey 
and  Daugherty  (1989)  reviewed  several  ghost  trap  studies 
in  the  Chesapeake  Bay  that  yielded  the  following  mortali- 
ties: 7.7  per  trap  (100%  mortality)  from  January  to  March; 
and  7.5  per  trap  (33%  mortality)  in  August  and  September. 
Blue  crab  mortality  in  unringed  ghost  traps  was  3.2  times 
greater  than  in  ringed  traps  (Arcement  and  Guillory  1993). 
Ghost  fishing  mortality  was  also  reduced  in  vented  Dunge- 
ness  crab  (High  1976).  American  lobster  (Pecci  et  al.  1978, 
Somolowitz  1978a),  and  Hawaiian  spiny  lobster,  Panulirus 
marginatus  (Paul  1984)  traps. 

The  number  of  ghost  traps  is  difficult  to  quantify,  al- 
though estimates  are  high.  Breen  (1990)  reviewed  pub- 
lished estimates  of  annual  trap  losses  in  the  American  lob- 
ster and  Dungeness  crab  fisheries  and  concluded  that  an- 
nual trap  losses  were  generally  in  the  10-20%  range. 
Assuming  a  conservative  annual  trap  loss  estimate  of  10% 
and  over  450,000  commercial  and  recreational  crab  traps 
(Guillory  and  Perret  this  volume),  there  may  be  approxi- 
mately 45,000  ghost  traps  added  each  year  in  Louisiana. 
Even  with  the  removal  of  ghost  traps  by  shrimp  fishers,  the 
cumulative  total  of  ghost  traps  in  coastal  waters  probably 
has  increased  over  time. 

Additional  research  on  ghost  fishing  in  other  decapod 
traps  was  conducted  by  Demory  ( 1 97 1 ),  Sheldon  and  Dow 
(1975),  Miller  (1997).  Smolowitz  (1978a),  Smolowitz 
(1978b),  High  and  Worlund  (1979).  Muir  et  al.  (1984), 
Paul  (1984).  High  (1976).  High  (1985),  Breen  (1985), 
Breen  (1987),  Breen  (1990).  Parish  and  Kazam  (1992).  and 
Kruse  and  Kimker  ( 1993). 

(5)  Culling  time  of  fishers  will  be  reduced,  because  culling  or 
sorting  time  is  directly  related  to  number  of  sublegal  crabs 
(Eldridge  et  al.  1979.  Guillory  and  Merrell  1993). 

(6)  Enforcement  of  laws  associated  with  possession  of  suble- 
gal crabs  will  be  reduced,  allowing  additional  time  for 
other  enforcement  problems  (Eldridge  et  al.  1979.  Guillory 
and  Merrell  1993). 

(7)  Fewer  sublegal  crabs  will  be  delivered  to  crab  processors 
(Eldridge  et  al.  1979.  Guillory  and  Merrell  1993).  who  may 
not  process  these  small  crabs  profitably  because  of  in- 
creased difficulties  in  .separating  meat  from  the  shell. 

There  are  two  known  potential  disadvantages  of  escape  rings. 
First,  in  areas  where  female  "long-spined"  crabs  are  common, 
there  may  be  a  loss  of  127-140  mm  CW  legal  crabs.  Long-spined 
crabs  have  a  proportionally  smaller  carapace  length,  which  is  the 
limiting  factor  in  e,scapement  through  an  escape  ring,  because  blue 
crabs  must  exit  "sideways"  (Guillory  and  Merrell  1993).  as  dem- 
onstrated for  crabs  of  the  genus  Cancer  (Jow  1961.  Stasko  1975. 
Brown  1978).  The  second  and  primary  disadvantage  of  escape 
rings  is  a  reduction  in  rank  peeler  (pink-line  and  red-line  molt 


stages)  catches  (Guillory  1990).  Most  rank  peelers  are  smaller  than 
the  minimum  legal  hard  crab  commercial  size.  Guillory  (1990) 
showed  that  peeler  crab  catch  is  reduced  proportionately  to  loss  of 
sublegal  crabs  in  ringed  traps,  or  approximately  70%.  Sholar 
( 1985)  estimated  a  40%  loss  in  peeler  catch  in  ringed  traps.  Peeler 
crab  supply  is  the  major  limiting  factor  in  the  soft  crab  industry, 
and  bycatch  from  hard  crab  trap  fishers  is  the  primary  source  of 
peeler  crabs  in  some  areas,  particularly  the  Gulf  of  Mexico  (Perry 
et  al.  1982).  However,  peeler  crab  availability  may  increase  after 
a  short  period  because  of  reduced  fishing  and  delayed  handling 
mortalities  of  sublegal  crabs  by  hard-crab  fishers.  In  addition, 
baited  small-mesh  peeler  traps  (Prejean  and  Guillory  this  volume) 
or  other  peeler  traps  (Bishop  et  al.  1983.  Bishop  1984.  Christian  et 
al.  1987)  exempt  from  escape  ring  mandates  could  possibly  com- 
pensate for  decreased  peeler  catches  in  ringed  hard  crab  traps. 
Baited  small-mesh  traps  catch  4.5-5.5  times  more  peeler  crabs 
than  standard  hexagonal  mesh  traps  (Guillory  and  Prejean  this 
volume). 

Management 

Escape  rings  are  mandatory  in  the  Florida.  Georgia.  Louisiana, 
Maryland.  North  Carolina.  Texas,  and  Virginia  blue  crab  fisheries 
(Tabe  1 ).  Two  or  three  5.87-  or  6.03-cm  escape  rings  located  on 
the  outside  vertical  walls  of  the  trap,  with  at  least  one  located  in  the 
upper  chamber,  are  usually  required  on  hard-crab  traps.  The  state 
of  Virginia  requires  3.81 -cm  escape  rings  in  peeler  traps.  Seasonal 
blockage  of  escape  rings  to  allow  peeler  harvest  is  legal  in  Loui- 
siana and  Virginia. 

Escape  vents  are  also  mandatory  in  the  West  Coast  Dungeness 
crab  fishery  (Miller  1976b).  the  California  spiny  lobster.  Panulirus 
interniplus  fishery  (Shaw  1986).  and  the  Maine  and  Massachusetts 
American  lobster  fisheries  (Smolowitz  1978a). 

MATERIALS  AND  METHODS 

Blue  crabs  were  collected  from  May  to  October  1993  in  coastal 
waters  of  Terrebonne  Parish.  Louisiana  in  conjunction  with 

TABLE  I. 

Compilation  of  escape  ring  regulations  by  state. 

Florida — three  6.03  cm  (minimum)  rings  in  hard  crab  traps,  with  at 
least  one  on  the  vertical  surface  of  each  chamber;  peeler  traps  are 
exempt 

Georgia — two  6.03-cm  (minimum)  rings  on  the  outside  vertical  walls, 
with  peeler  traps  exempt 

Louisiana — two  ,'i.87-cm  (minimum)  rings  located  flush  with  the  tloor 
or  baffle,  with  one  in  each  chamber 

Maryland — one  5.87-cm  (muiimum)  ring  or  one  section  of  .^.08  cm  x 
5.08  cm  square  mesh  with  four  openings  in  crab  pots  with  mesh  size 
greater  than  3.81  cm  or  less  than  5.08  cm;  the  ring  must  be  located 
on  the  side  of  the  upper  chamber  and  may  be  closed  at  any  time  to 
catch  peeler  crabs. 

North  Carolina — two  5.87-cm  (mminiuml  nng.s  mi  the  upper  chamber 
side  panels;  the  Outer  Banks  are  exempt. 

Virf^inia — two  rings  (one  each  at  least  5,55  cm  and  5.87  cm)  in  the 
upper  chamber  side  panels  of  hard  crab  traps;  hard  crab  traps  fished 
within  the  dredge  lines  of  Chesapeake  Bay.  in  Pocomoke  and 
Tangier  Sounds,  and  on  seaside  of  the  Eastern  Shore  may  have  the 
5.87-cm  ring  closed  for  the  retention  of  small  mature  females;  four 
escape  rings  of  3.81  cm  are  required  in  peeler  traps. 

Texas — four  6.03-cm  (minimum)  rings,  with  two  in  each  chamber  and 
located  on  the  lower  edge  of  the  outside  trap  wall. 
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field  research  on  trap  efficiency.  Blue  crabs  were  placed  on  ice  and 
returned  to  the  lab  for  processing.  Ovigerous  females  and  indi- 
viduals with  damaged  lateral  spines  were  excluded.  Each  crab  was 
sexed  and  CW  measured  to  the  nearest  mm  with  a  dial  caliper. 
Carapace  width  was  measured  across  the  lateral  spines  (Williams 
1974). 

Each  blue  crab  was  manually  inserted  sideways  through  a  se- 
ries of  rings  of  0.32-cm  (0.125  in)  diameter  increments  (5.08.  5.40, 
5.72.  6.03.  6.35.  and  6.64  cm)  until  the  minimum  ring  size  that  the 
individual  crab  would  pass  through  was  identified.  Stasko  ( 1975) 
suggested  that  decapods  oriented  themselves  so  that  the  smallest 
opening  an  animal  could  be  pushed  through  by  hand  was  also  the 
smallest  opening  it  could  pass  through  unaided.  All  data  summa- 
ries and  statistical  analyses  were  conducted  with  SAS  (SAS  Insti- 
tute 1988). 

RESULTS 

Because  the  sex  ratio  of  blue  crabs  varies  with  season  and 
salinity,  numbers  of  male  and  female  crabs  were  assumed  equal  in 
constructing  the  o\er-all  theoretical  escapement  curves  (Table  2). 
Escape  rings  smaller  than  6.03  cm  did  not  allow  sufficient  escape- 
ment of  sublegal  crabs,  and  escapement  of  legal  crabs  in  6.35-cm 
and  larger  escape  rings  may  be  unacceptable.  The  6.03-cm  ring 
allows  some  escapement  of  127-136  mm  legal  crabs,  but  escape- 
ment of  sublegal  crabs  is  high. 

There  were  sex-related  differences  in  escapement  rates  (Table 
2).  Escapement  rates  of  females  were  generally  higher  than  for 
males  of  comparable  size  groups  for  all  ring  sizes.  Increased  es- 
capement of  female  crabs  is  associated  with  their  greater  lateral 
spine  length  than  males  of  comparable  body  length  (Guillory  and 
Hein  1997). 

DISCUSSION 

The  rigid  escape  rings  and  blue  crab  exoskeletons.  and  the 
ability  of  blue  crabs  to  orient  themselves  in  the  most  advantageous 
position  for  passage,  are  characteristics  that  would  tend  to  yield 
precise  escapement  curves  (Miller  1990).  On  the  other  hand,  use  of 
the  traditional  CW  measurement  reduces  precision.  Carapace 
width  is  not  a  consistent  index  of  carapace  length  (the  limiting 
factor  for  escape  ring  egress)  because  of  variability  in  lateral  spine 
length  (Guillory  and  Hein  1997).  Blue  crab  lateral  spines  may 
contribute  from  less  than  10%  to  more  than  30%  of  carapace  width 
(Olmi  and  Bishop  1983). 

An  ideal  escape  ring  would  reduce  sublegal  catch  below  sub- 
legal  possession  tolerances  but  retain  all  legal  crabs;  however,  as 
demonstrated  with  laboratory-derived  escapement  rates,  this  goal 
is  probably  unattainable  under  all  conditions.  To  achieve  satisfac- 
tory sublegal  crab  percentages  consistently  would  require  an  es- 
cape ring  large  enough  to  reduce  legal  catch  significantly.  To 
maximize  benefits  of  escape  rings,  a  more  realistic  and  appropriate 
goal  would  be  to  reduce  sublegal  catch  substantially  while  con- 
ceding some  escapement  of  small  legal  crabs.  Partial  escapement 
of  127-136  mm  CW  crabs  through  escape  rings  has  been  shown  to 
be  compensated  by  increased  catches  of  larger  legal  crabs  in  some 
instances  (Eldridge  et  al.  1979,  Whitaker  1980,  Guillory  1989, 
Guillory  and  Merrell  1993). 

In  consideration  of  the  above  goal,  size-related  escapement 
rates  through  various  escape  ring  sizes  provide  a  theoretical  basis 
for  escape  ring  management.  Summary  data  suggest  that  the  6.03- 
cm  ring  would  be  optimum,  because  smaller  rings  yield  a  low 


TABLE  2. 

Percentage  escapement  of  crabs  by  sex  by  10  mm  carapace  width 
size  group  for  each  ring  size. 


Ring  Size  (cm) 

5.08 

5.40 

5.72 

6.03 

6.35 

6.67 

Male 

=S86 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

87-96 

38.5 

84.6 

92.3 

100.0 

100.0 

100.0 

97-106 

17.8 

44.6 

75.0 

100.0 

100.0 

100.0 

107-116 

0.0 

10.3 

514 

97.2 

100.0 

100.0 

117-126 

0.0 

0.7 

18.3 

58.5 

91.0 

99.3 

127-136 

0.0 

0.0 

0.0 

0.6 

34.9 

86.7 

137-146 

0.0 

0.0 

0.0 

0.0 

54 

54.0 

147-156 

0.0 

0.0 

0.0 

0.0 

2.0 

30.0 

3=157 

0.0 

0.0 

0.0 

0.0 

0.0 

14.2 

Female 

S86 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

87-96 

75.0 

100.0 

100.0 

100.0 

100.0 

100.0 

97-106 

50.0 

93.3 

100.0 

100.0 

100.0 

100.0 

107-116 

5.9 

28.2 

83.5 

100.0 

100.0 

100.0 

117-126 

0.0 

1.0 

37.9 

90.5 

100.0 

100.0 

127-136 

0.0 

0.0 

3.8 

47.2 

92.4 

100.0 

137-146 

0.0 

0.0 

0.0 

3,8 

30.8 

93.6 

147-156 

0.0 

0.0 

0.0 

0.0 

2.8 

36.6 

3=157 

0.0 

0.0 

0.0 

0.0 

0.0 

20.0 

Overall 

«86 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

87-96 

56.8 

92.3 

96.1 

100.0 

100.0 

100.0 

97-106 

33.9 

68.9 

87.5 

100.0 

100.0 

100.0 

107-116 

2.5 

19.2 

67.7 

98.6 

100.0 

100.0 

117-126 

0.0 

0.8 

28.1 

74.5 

95.9 

99.6 

127-136 

0.0 

0.0 

1.1 

23.9 

63.6 

93.3 

137-146 

0.0 

0.0 

0.0 

1.9 

18.2 

73.8 

147-156 

0.0 

0.0 

0.0 

0.0 

2.6 

33.3 

s=157 

0.0 

0.0 

0.0 

0.0 

0.0 

17.1 

escapement  of  sublegal  crabs  and  larger  rings  may  allow  excessive 
loss  of  small,  legal  crabs.  Field  research  with  escape  rings  supports 
this  conclusion.  Guillory  and  Merrell  (1993)  used  field  data  to 
construct  .selectivity  curves  for  different  ring  sizes  and  recom- 
mended a  6.03-cm  escape  ring.  Sublegal  catch  (35.1%)  was  unac- 
ceptable with  the  5.72-cm  ring  and  a  substantial  loss  (90%)  in 
small,  legal  (i.e.,  127-136  mm  CW)  crabs  occurred  with  the  6.35- 
cm  escape  ring.  With  the  6.03-cm  escape  ring,  sublegal  catch 
(17.4%)  was  considered  acceptable  and  loss  (40%)  of  127-136 
mm  CW  crabs  was  not  excessive,  especially  when  considering  that 
over-all  legal  catch  increased.  Guillory  and  Hein  (this  volume) 
concluded  that,  although  ringed  traps  with  5.87-cm  escape  rings 
had  a  significant  reduction  in  sublegal  CPUE,  the  resultant  suble- 
gal percentages  of  28  and  33%  were  excessive. 

Although  theoretical  escapement  rates  generated  with  the  labo- 
ratory data  were  similar  to  selectivity  curves  derived  from  the  field 
data  of  Guillory  and  Merrell  (1993),  differences  in  catches  of 
ringed  and  unringed  traps  may  not  be  entirely  predictable  based 
upon  laboratory  escapement  rates.  Several  factors  will  influence 
results  under  field  conditions:  sex-related  differences  in  escape- 
ment rates;  retention  of  crabs  in  traps  that  are  physically  able  to 
exit  through  the  escape  ring;  and  density  and  size  distribution  of 
the  population. 

The  marked  difference  in  escapement  rates  of  female  and  male 
crabs  will  result  in  significant  variations  in  over-all  escapement 
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rates  because  of  seasonal  and  areal  differences  in  sex  ratios.  For 
example,  female  escapement  rates  were  32  and  46%  higher  than 
males  in  the  critical  117-126  and  127-136  mm  CW  size  groups, 
respectively,  when  using  6.03-cm  rings. 

Guillory  and  Merrell  ( 1993)  noted  that  escape  ring  selectivity  is 
gradual  and  complete  (i.e..  blue  crabs  become  less  likely  to  egress 
with  increased  size  until  size  physically  prevents  further  escape- 
ment) as  opposed  to  a  "knife  edge"  selection,  where  all  blue  crabs 
would  escape  until  the  critical  maximum  size  is  reached.  Some 
blue  crabs  that  are  physically  able  to  egress  through  escape  rings 
are  retained  in  the  trap.  Two  factors  may  influence  small  crab 
retention — crabs  may  still  be  attracted  to  the  bait  or  they  may  not 
have  encountered  an  escape  ring.  The  American  lobster  locates 
escape  vents  by  an  apparently  random  search  process  (Fogarty  and 
Borden  1980).  and  probability  of  escape  increases  with  time  as 
more  attempts  at  escape  are  made. 

Finally,  density  and  size  distribution  of  the  blue  crab  population 
will  influence  escape  ring  results.  As  described  earlier,  the  per- 
centage reduction  in  sublegal  catch  in  ringed  traps  may  be  fairly 
consistent,  but  the  actual  percentage  of  sublegal  crabs  in  these 
traps  may  vary  considerably.  Sublegal  catches  in  ringed  traps  in- 
creases with  abundance  of  sublegal  crabs  just  below  the  legal 
minimum  size.  Likewise,  if  there  is  a  high  density  of  127-136  mm 
CW  crabs  and  low  numbers  of  larger  crabs,  legal  catch  may  be 
reduced. 

MANAGEMENT  IMPLICATIONS 

Eldridge  el  al.  (1979)  suggested  that  escape  ring  mandates  in 
blue  crab  traps  should  not  be  considered  unless  three  important 
criteria  are  met:  ( 1 )  sublegal  crab  catch  is  reduced:  (2)  legal  catch 
is  maintained:  and  (3)  rings  are  inexpensive  and  easy  to  apply. 
Research  data  have  verified  that  escape  rings  significantly  reduce 
sublegal  catch  and  usually  maintain,  or  increase,  the  legal  catch. 
Escape  rings  are  inexpensive  and  easy  to  apply  to  traps.  Several 
sizes  (5.87  and  6.03  cm)  of  escape  rings  are  currently  available 
commercially.  Fishers  may  also  make  6.03-cm  escape  rings  by 
cutting  thin  sections  from  5.08-cm  PVC  pipe  couplings.  Other 
escape  rings  probably  will  be  constructed  by  innovative  fishers. 

Escape  ring  size  specifications  for  hard-crab  traps  are  based 
upon  historical  field  research,  laboratory  data  presented  in  this 
report,  and  current  management  regulations.  Either  5.87-  or  6.03- 
cm  escape  rings  are  mandated  by  state  regulations  or  suggested  in 
research  reports.  To  minimize  sublegal  crab  catches  and  maximize 
escape  ring  benefits,  6.03-cm  rings  are  recommended  for  general 
use.  Although  escape  rings  have  been  emphasized,  research  also 
has  shown  that  5.08-cm  square  vents  are  comparable  to  6.03-cm 
rings  (Guillory  1989). 

Several  states  have  mandated  5.S7-cni  ruigs  to  reduce  loss  of 
small,  legal  female  blue  crabs:  however,  sublegal  catch  is  greater 
in  traps  with  5.87-cm  rings  than  in  traps  with  6.03-cm  rings.  In 
areas  with  low  numbers  of  sublegal  crabs  (and  little  problem  with 
sublegal  tolerance  limit  compliance)  and  high  numbers  of  small, 
legal  female  crabs,  the  5.87-cm  ring  may  be  desirable  to  minimize 


loss  of  legal  female  crabs.  Although  not  practical  in  most  estuaries, 
area  restrictions  of  escape  rings  may  be  an  option — 6.03-cm  rings 
in  shallow  marsh  or  low  salinity  areas  where  sublegal  crabs  pre- 
dominate and  5.87-cm  rings  in  high  salinity  areas  where  sublegal 
crabs  are  less  abundant  and  small  legal  female  crabs  are  common. 

Number,  location,  and  placement  of  escape  rings  should  also  be 
specified  in  regulations,  because  these  factors  influence  escape- 
ment of  sublegal  crabs  (Eldridge  et  al.  1979.  Casey  and  Daugherty 
1990.  Guillory  and  Merrell  1993).  Each  crab  trap  should  have  a 
minimum  of  three  escape  rings  located  on  the  vertical,  outside 
walls  of  the  upper  or  outer  chamber  flush  with  the  floor  or  baffle. 
Additional  restrictions  are  recommended  to  eliminate  potential 
problems — escape  rings  should  be  rigid:  rings  should  be  attached 
to  the  trap  with  material  not  larger  than  the  wire  strands  of  the  trap; 
and  openings  should  not  be  obstructed  with  any  material  that  pre- 
vents or  hampers  egress  of  crabs. 

Trap  mesh  regulations  may  maximize  benefits  of  escape  rings 
or  could  be  an  alternative  to  escape  rings.  Recent  field  research  has 
validated  the  superiority  of  3.81-cm  hexagonal  mesh  over  3.81-cm 
square  mesh  traps.  Hexagonal  mesh  traps  retained  65.4%  (Guillory 
and  Prejean  1997)  and  38.5%  (Guillory  and  Hein  1998)  less  sub- 
legal  crabs  than  square  mesh  traps:  legal  catch  in  hexagonal  mesh 
traps  was  also  significantly  greater  than  square  mesh  traps  (Guil- 
lory and  Prejean  1997).  Guillory  and  Prejean  (1997)  concluded 
that  the  optimum  square  mesh  size  would  be  between  3.81-  and 
5.08-cni.  Guillory  (1997)  determined  the  theoretical  percentage 
escapement  of  blue  crabs  through  five  different  square  mesh  sizes, 
and  concluded  that  the  4.44-cm  square  (as  measured  on  the  inside) 
would  be  optimal,  and  superior  to  either  trap  mesh  currently  used 
by  fishers. 

The  reduction  in  peeler  crab  catches  with  escape  rings  could  be 
ameliorated  with  several  management  options.  First,  small  mesh 
peeler  traps  used  solely  for  the  capture  of  peeler  crabs  could  be 
exempt  from  escape  ring  mandates  for  hard-crab  traps,  thereby 
reducing  the  conflict  between  sublegal  hard-crab  catch  and  peeler 
supply  in  management  objectives  and  decisions.  In  Florida  and 
several  Atlantic  states,  peeler  traps  are  either  excluded  from  escape 
ring  mandates,  or  smaller  escape  rings  are  required.  Second,  es- 
cape rings  could  be  blocked  during  periods  of  peak  peeler  catches: 
however,  this  option  is  not  espoused,  and  should  be  used  only  as 
a  "last  resort"  compromise  measure. 

In  conclusion,  escape  rings  are  recommended  as  a  management 
measure  for  state  natural  resource  agencies.  Benefits  to  the  blue 
crab  resource  and  to  fishers  and  processors  outweigh  the  adverse 
impacts  of  implementation  and  the  deleterious  effects  could  be 
ameliorated.  In  stales  without  escape  ring  mandates,  voluntary  use 
by  commercial  fishers  should  be  encouraged.  Information  should 
be  provided  to  commercial  fishers  concerning  the  relative  merits  to 
them  individually  (i.e..  reduced  culling  time,  possible  increase  in 
catch  of  legal  crabs)  and  the  over-all  long-term  benefits  to  the 
fishery  and  resource  as  well  as  the  potential  loss  of  valuable  peeler 
crab  bycalch  and  the  cost  and  time  to  apply  escape  rings  to  traps. 
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WITHOUT  ESCAPE  RINGS 
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ABSTRACT  Catch  rates  and  sizes  of  blue  crabs  [Cullinecles  sapidus)  were  compared  in  ringed  and  unringed  3.81-cm  square  mesh 
and  hexagonal  mesh  traps.  Sublegal  catch  per  unit  effort  (CPUE)  by  number  was  significantly  higher  in  the  unringed  than  in  the  ringed 
traps  of  each  mesh  type  and  in  the  square  mesh  than  in  the  hexagonal  mesh  traps.  Legal  blue  crab  CPUE  was  highest  in  unringed 
hexagonal  mesh  traps.  Square  mesh  traps  with  5.87-cm  escape  rings  may  retain  excessive  numbers  of  sublegal  blue  crabs. 

KEY  WORDS:     Escape  rings,  blue  crab.  Calliitecles  saiJitlus.  traps 


INTRODUCTION 

Various  sizes  of  escape  rings  or  vents  in  blue  crab  (Callinectes 
sapidus)  traps  have  been  documented  through  field  research  using 
the  traditional  3.81-cm  hexagonal  mesh  traps  (Whittaker  1978. 
1980.  Eldridge  et  al.  1979.  Guillory  1989.  Casey  and  Daugherty 
1990,  Casey  et  al.  1992.  Casey  and  Doctor  1996.  Guillory  and 
Merrell  1993).  However,  commercial  fishers  have  largely  replaced 
hexagonal  mesh  traps  with  3.81-cm  square  mesh  traps  in  some 
areas  in  the  northern  Gulf  of  Mexico  because  of  the  increased 
durability  of  the  latter.  Guillory  and  Prejean  (1997)  found  that 
hexagonal  mesh  traps  retained  65.47f  less  sublegal  blue  crabs  and 
had  a  significantly  higher  catch  per  unit  effort  (CPUE)  of  legal 
blue  crabs  than  3.81-cm  square  mesh  traps.  Therefore,  the  percent- 
age reduction  in  sublegal  catch  associated  with  escape  rings  in 
hexagonal  mesh  traps  may  not  apply  to  square  mesh  traps.  The 
objectives  of  this  paper  are  to  compare  sublegal  and  legal  blue  crab 
CPUE  and  blue  crab  size  composition  in  hexagonal  and  square 
mesh  traps  with  and  without  5.87-cm  escape  rings. 

METHODS 

The  study  was  conducted  in  Lake  Mechant.  Terrebonne  Parish. 
Louisiana.  Except  for  mesh  type  and  presence  or  absence  of  escape 
rings,  the  basic  configuration  (number  of  funnels,  inner  and  outer 
chamber  arrangement,  etc.)  and  size  were  identical  in  all  traps. 
Traps  were  60.9  cm  in  width  and  depth.  50.8  cm  in  height,  and 
were  constructed  of  black  vinyl-coated  wire.  Four  trap  types  were 
used — 3.81-cm  square  and  hexagonal  mesh  traps  with  and  without 
5.87-cm  (inside  diameter)  escape  rings.  In  the  ringed  traps,  three 
escape  rings  were  placed  in  the  outer  chamber  flush  with  the 
baffie. 

Thirty-two  sampling  trips  with  four  replicates  of  each  trap  type 
were  made  from  May  1993  to  August  1994.  Traps  were  baited  with 
equal  portions  of  fish,  grouped  in  replicates  when  placed  in  the 
water,  and  soaked  for  approximately  24  hours.  All  blue  crabs  were 
measured  in  5  mm  carapace  width  (CW)  size  groups  with  refer- 
ence to  the  minimum  legal  commercial  size  of  127  mm  CW.  Size 
group  designations  were  the  minimum  value  within  the  size  range. 

All  data  summaries  and  statistical  analyses  were  conducted 
using  SAS  (SAS  Institute  1988).  Sublegal  CPUE  by  number,  legal 
CPUE  by  number  and  weight,  and  mean  carapace  width  by  trap 
type  were  examined  for  significant  differences  (p  <  .05)  using  a 
one-way  analysis  of  variance  (ANOVA)  in  the  general  linear  mod- 
els procedure. 

A  carapace  width-weight  regression  equation  developed  by 


Guillory  and  Hein  (1997)  was  used  to  detertnine  the  weight  of 
legal  blue  crabs  by  calculating  the  weight  at  the  midpoint  of  each 
5  mm  CW  size  group. 

RESULTS 

CPUE  of  legal  blue  crabs  by  number  was  highest  in  ringed 
hexagonal  traps  and  lowest  in  unringed  square  mesh  traps  (Table 
1),  although  there  were  no  significant  differences  between  trap 
types.  Sublegal  CPUE  by  number  was  significantly  lower  (p  = 
.0001 )  in  ringed  traps  than  in  the  unringed  traps  of  each  mesh  type 
and  in  unringed  hexagonal  mesh  traps  than  in  unringed  square 
mesh  traps.  There  was  no  significant  difference  in  sublegal  CPUE 
between  ringed  traps  of  each  mesh  type.  Sublegal  CPUE  in  ringed 
hexagonal  and  square  mesh  traps  was  reduced  62.8  and  73.7%, 
respectively,  from  that  of  unringed  traps. 

A  high  percentage  (65.5%)  of  sublegal  crabs  was  retained  in 
unringed  square  mesh  traps,  with  the  average  CPUE  of  sublegal 
blue  crabs  63%  greater  than  that  of  unringed  hexagonal  mesh  traps 
(Table  1 1.  Guillory  and  Prejean  ( 1997)  found  that  hexagonal  mesh 
traps  retained  65%  fewer  sublegal  crabs  and  had  significantly 
higher  legal  blue  crab  CPUE  than  3.81-cm  square  mesh  traps. 
Guillory  (1997)  determined  theoretical  percentage  escapements  of 
blue  crabs  through  various  mesh  sizes  and  found  that  the  100% 
retention  point  was  lower  with  square  mesh  (107-111  mm  CW) 
than  with  hexagonal  mesh  (117-121  mm  CW).  Although  sublegal 
CPUE  in  ringed  hexagonal  and  square  mesh  traps  was  reduced  to 
37.1  and  26.7%  of  control  traps,  the  resulting  percentages  of  sub- 
legal  crabs  in  ringed  traps  was  substantial — 28  and  33%  in  hex- 
agonal and  square  mesh  traps,  respectively  (Table  1). 

TABLE  I. 

Mean  catch  per  unit  effort  (CPUE)  by  number  (NO)  of  sublegal 

(SLi,  legal  (L),  and  total  (TOT)  blue  crabs  and  by  mean  weight 

(WTl  in  g  of  legal  blue  crabs,  legal  to  SL  ratio  (L:SL)  and 

percentage  sublegal  (%SL)  by  number,  and  mean  size  (mm 

carapace  width l. 


CPE  NO 

CPUE 

Trap  Type 

SL 

L 

TOT 

L:SL 

%SL 

WT 

Size 

Unringed  hexagonal 

4.23 

3.74 

7.97 

0.88 

53.1 

507 

128 

Ringed  hexagonal 

1.57 

4.12 

5.70 

2.64 

27.6 

589 

131 

Unringed  square 

6.88 

3.61 

10.50 

0.52 

65.5 

484 

124 

Ringed  square 

1.84 

3.71 

5.55 

2.02 

33.2 

521 

129 

561 


562 
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The  legal  CPUE  by  weight  was  highest  in  the  ringed  hexagonal 
mesh  trap  and  higher  in  the  ringed  than  in  the  unringed  traps 
(Table  I),  although  there  were  no  significant  differences  between 
trap  types.  The  CPUE  by  size  group  by  trap  type  illustrate  the 
decreased  number  of  sublegal  and  small  legal  ( 127  mm  CW)  blue 
crabs  and  increased  number  of  larger  legal  crabs  in  ringed  traps,  as 
compared  to  unringed  traps  (Table  2).  The  modal  peak  was  132 
mm  CW  for  the  ringed  traps  and  1 1 7  and  1 22  mm  CW  for  the 
unringed  square  and  hexagonal  mesh  traps,  respectively.  The  only 
significant  difference  (p  =  .0066)  in  mean  size  was  between 
ringed  hexagonal  and  unringed  square  mesh  traps. 

DISCUSSION 

Results  from  this  study  and  other  gear  research  have  important 
implications  with  respect  to  escape  ring  and  mesh  size  manage- 
ment. Sublegal  percentage  in  ringed  (5.87-cm)  hexagonal  (28%) 
and  square  mesh  (33%)  traps  was  higher  than  the  15.8  to  18.8% 
reported  in  hexagonal  traps  with  6.03-cm  escape  rings  (Guillory 
1989.  Guillory  and  Merrell  1993)  from  a  similar  habitat  and  blue 
crab  population  size  distribution.  The  5.87-cm  escape  rings,  espe- 
cially when  used  in  3.81 -cm  square  mesh  traps,  may  retain  exces- 
sive numbers  of  sublegal  blue  crabs  in  areas  of  high  population 
abundance  of  sublegal  blue  crabs.  The  superiority  of  the  hexagonal 
mesh  over  the  square  mesh  traps  is  verified  by  the  increased  sub- 
legal  CPUE  and  possibly  increased  legal  CPUE  in  the  former. 
Based  upon  theoretical  percentage  escapements  of  blue  crabs. 


TABLE  2. 

Catch  per  unit  effort  of  blue  crab.s  by  5  mm  carapace  width  size 

group  by  (rap  type  (UN  =  unringed,  R  =  ringed,  HEX  =  hexagonal 

mesh,  SQ  =  square  mesh). 


Trap 

Type 

Size  Group 

UN  HEX 

RHEX 

UNSQ 

R.SQ 

102-106 

0.12 

0.07 

0.12 

0.17 

107-111 

0.17 

0.22 

0.31 

0.27 

112-116 

0.29 

0.29 

1.54 

0.38 

117-121 

1..^9 

0.48 

2.84 

0.49 

122-126 

2.25 

0.47 

2.06 

0.49 

127-131 

1.14 

0.90 

1.34 

0.92 

132-136 

0.92 

1.12 

0.99 

0.98 

137-141 

0.91 

0.94 

0.62 

0.85 

142-146 

0.54 

0.68 

0.41 

0.58 

147-151 

0.21 

0.28 

0.12 

0.26 

152-156 

0.03 

0.21 

0.12 

0.11 

Guillory  ( 1997)  concluded  that  the  currently  used  3.8 1 -cm  square 
mesh  is  inefficient  and  that  a  4.44-cm  square  mesh  would  be 
optimum. 
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Louisiana  Department  of  Wildlife  and  Fisheries 
Boiirg,  Louisiana  70343 


ABSTRACT  A  study  comparing  catch  of  peeler  blue  crabs  (Callinectes  sapidiis)  in  baited  small  mesh  traps  (1.27  cm  x  2.54  cm 
rectangular  and  2.54  cm  square)  and  large  mesh  traps  (3.81  cm  hexagonal.  3.81  cm  square.  2.54  cm  x  5.08  cm  rectangular,  and  5.08 
cm  square)  was  conducted.  Peeler  crabs  composed  36  to  43"^  and  17  to  29%  of  the  total  catch  in  small  and  large  mesh  traps, 
respectively.  Rank  peeler  catch  was  2.2  to  5.7  times  greater  in  the  small  mesh  traps  than  in  the  large  mesh  traps.  A  directed  peeler 
fishery  using  baited  small  mesh  traps  may  be  viable  in  Louisiana. 


KEY  WORDS:     Callinectes  sapidus.  peeler  crabs,  traps 


INTRODUCTION 

The  Louisiana  soft  blue  crab  {Callinectes  sapidus)  industry 
may  be  worth  up  to  S5  x  10^  annually  (Caffey  et  al.  1993).  The 
major  limiting  factor  in  soft  crab  production  is  peeler  crab  supply. 
A  variety  of  gear  and  techniques  (bush  lines,  trawls,  wingnets, 
trotlines.  push  nets,  dirty  or  habitat  traps,  push  nets,  and  baited 
hard  crab  traps)  have  been  used  historically  to  harvest  peeler  crabs 
in  Louisiana;  however,  the  present  source  of  peeler  crabs  is  essen- 
tially restricted  to  incidental  catch  by  hard  crab  trap  fishers.  Most 
marketed  peeler  crabs  are  <127  mm  carapace  width  (CW),  the 
minimum  legal  size  for  hard  crabs  (Guillory  1990).  However,  fish- 
ers may  legally  retain  unlimited  numbers  of  <  1 27  mm  CW  crabs 
exhibiting  molt  sign  for  soft  crab  production. 

The  dependence  of  the  soft  crab  industry  on  a  bycatch  compo- 
nent of  the  hard  crab  fishery  limits  possible  management  options  to 
reduce  sublegal  hard  crab  harvest,  which  is  a  critical  issue  in 
Louisiana  (Guillory  and  Perret  this  volume).  Eldridge  et  al.  (1979), 


Guillory  ( 1989)  and  Guillory  and  Merrell  ( 1993)  reported  reduced 
sublegal  crab  catch  in  traps  with  escape  rings;  however,  a  55  to 
607f  reduction  in  premolt  crab  catch  (Guillory  1990)  occurred  in 
traps  with  escape  rings.  Mandated  escape  rings  could  have  an 
adverse  impact  in  the  soft  crab  industry  unless  other  approved  gear 
or  techniques  are  available  to  provide  an  adequate  peeler  supply. 
From  personal  observations,  habitat  and  jimmy  traps  are  largely 
inadequate  for  peeler  capture  in  Louisiana.  Along  the  Atlantic 
Coast,  baited  hard  crab  traps  had  higher  catch  rates  of  peeler  crabs 
than  habitat  or  jimmy  traps  designed  specifically  for  peeler  capture 
(Otwell  et  al.  1980.  Bishop  et  al.  1983,  Bishop  et  al.  1984,  Chris- 
tian et  al,  1987).  Baited  small  mesh  traps  may  be  more  efficient 
than  standard  commercial  traps  for  capturing  peeler  crabs.  The 
objective  of  this  investigation  was  to  compare  catch  rates  of  peeler 
crabs  in  six  different  baited  traps:  two  small  mesh  ( 1.27  cm  x  2.54 
cm  rectangular  [RECT]  and  2.54  cm  square  [SQ])  and  four  large 
mesh  (3.81  cm  hexagonal  [HEX].  3.81  cm  SQ.  2.54  cm  x  5.08  cm 
RECT.  and  5.08  cm  SQ)  traps. 


TABLE  1. 

Catch  per  unit  effort  (CPUE)  and  percentage  (%)  by  molt  stage  and  crab  size  by  trap  type  (values  with  same  letter  are  not 

signiflcantly  dlft'erent). 


Trap 

Green 

Rank 

Type 

Interniolt 

Peeler 

Peeler 

Total 

Sublegal 

Legal 

1.27x2.54 

CPUE 

7.85'' 

2.57" 

3.36" 

13.78" 

11. Z?" 

2.51' 

% 

57.0 

18.7 

24.4 

81.8 

18.2 

2.54  X  2.54 

CPUE 

9.48" 

2.54" 

2.75*" 

14.77" 

11.31° 

3.46* 

% 

64.1 

17.1 

18.6 

76.6 

23.4 

3.8!  X3.81 

CPUE 

6.40' 

1.39'" 

1.25- 

9.04* 

5.80* 

3.24* 

% 

70.8 

15.3 

14.0 

64.2 

35.8 

2.54  X  5.08 

CPUE 

5.67'''' 

0.98* 

1 .23' 

7.88'' 

5.01* 

2.87*' 

% 

71.9 

12.4 

15.7 

63.6 

36.4 

5.08  X  5.08 

CPUE 

2.59'- 

0.20' 

0.35'' 

3.14'' 

O-ie"* 

2.98* 

% 

82.7 

6.3 

11.0 

5.1 

94.9 

Hexagonal 

CPUE 

5.04'' 

0.43' 

0.59'' 

6.05' 

1.96' 

4.09" 

% 

83.2 

7.1 

9.7 

32.4 

67.6 
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TABLE  2. 

Mean  carapace  width  (niml  of  crabs  by  trap  type  lvalues  with  same 
letter  are  not  significantly  different  I. 


Trap 

Type 

Inlerniolt 

Peeler 

Total 

1.27x2.54 

113.2'' 

103.7'' 

108.4' 

2,54  X  2.54 

115.5'' 

106.3'' 

112.0'' 

3.81  X3.81 

127.r 

114.2' 

124.2' 

2.54  X  5.08 

126.3' 

115.1' 

123.5' 

5.08  X  5.08 

147.8° 

138.4" 

146.1" 

Hexagonal 

1 37.9'' 

119.1" 

1 34.6'' 

METHODS 

The  study  was  conducted  from  March  through  July  1994  in  the 
Teirebonne  estuary  near  Cocodrie  and  Caillou  Lake.  Terrebonne 
Parish,  Louisiana.  Traps  were  constructed  from  six  different  types 
of  commercially  available  vinyl-coated  wire  mesh — small  mesh 
(L27  cm  X  2.54  cm  RECT  and  2.54  cm  SQ)  and  large  mesh  (3.81 
cm  HEX.  3.81  cm  SQ.  2.54  x  5.08  cm  RECT.  and  5.08  cm  SQ). 
Traps  were  approximately  61  cm  in  width  and  depth  and  37  cm  in 
height.  Each  trap  had  three  entrance  funnels  and  an  internal  baffle 
creating  upper  and  lower  chambers. 

Six  traps  of  each  type  were  used  initially,  although  the  number 
of  trap  replicates  was  eventually  reduced  to  three  because  of  trap 
loss  from  theft  and  storms.  Traps  were  baited  with  equal  portions 
offish  and  retrieved  after  approximately  24  hours.  Carapace  width 
(CW)  of  crabs  was  measured  in  10  mm  size  groups  above  or  below 
a  reference  point  of  127  mm  (Guillory  and  Merrell  1993)  and  molt 
sign  recorded.  Size  groups  were  designated  by  the  group  inidpoint. 
Molt  stage  categories  were  designated  intermolt  and  premolt  (i.e.. 
white-line,  pink-line,  and  red-line  stages)  (Van  Engel  1958). 
"Peeler"  denoted  commercially  important  premolt  crabs.  With  the 
measuring  scheme  used  in  this  investigation,  the  temi  peeler  was 
restricted  to  premolt  crabs  77  mm  CW  and  greater:  premolt  crabs 
smaller  than  about  75  mm  CW  are  not  considered  commercially 
important  (Bishop  et  al.  1983,  Bishop  et  al.  1984.  Christian  et  ai. 
1987).  "Rank"  peelers  included  red-line  and  pink-line  crabs, 
which  are  I  to  3  days  and  3  to  6  days,  respectively,  from  ecdysis. 
"Green"  peelers  were  white-line  crabs  7  to  14  days  from  molting. 
Sublegal  crabs  as  used  here  included  all  blue  crabs  <127  mm  CW. 

Data  entry  and  summaries  were  conducted  using  the  Statistical 
Analysis  System  (SAS  Institute  1988).  The  general  linear  models 
procedure  (GLMj  was  used  to  ascertain  differences  (p  =£.05)  in 


catch  rates  between  trap  types  by  computing  least-square  means 
and  associated  probabilities  of  mean  equality. 

RESULTS  AND  DISCUSSION 

The  total  number  of  crabs  captured  in  36  sampling  trips  was 
7,996.  Total  peeler  catch  was  2,61 1  crabs  or  32.6%  of  the  total. 
The  ratio  of  rank  peeler  to  green  peeler  catches  was  1.3:1.0.  Total 
crab,  total  peeler,  rank  peeler,  and  sublegal  catch  per  unit  efforts 
(CPLIE)  were  inversely  related  to  mesh  size  (Table  1).  The  two 
smallest  mesh  traps,  1.27  x  2.54  cm  RECT  and  2.54  cm  SQ,  had 
the  highest  total  crab  CPUE,  13.8  and  14.8  crabs  per  trap-day,  and 
highest  percentage  of  sublegal  crabs  at  81.8*7?  and  76.6%.  respec- 
tively. Mean  total  crab  CPUE  for  the  small  mesh  traps  was  sig- 
nificantly higher  than  the  large  mesh  traps.  Mean  carapace  width 
of  intermolt  and  peeler  crabs  increased  with  mesh  size  among  trap 
types  (Table  2). 

The  two  small  mesh  traps  had  significantly  higher  peeler  (5.9 
and  5.3)  and  rank  peeler  (3.4  and  2.4)  CPUE  than  the  large  mesh 
traps.  Mean  peeler  CPUE  was  2.2  to  5.7  times  greater  in  the  two 
small  mesh  traps  than  in  the  3.81  cin  SQ  and  3.81  cm  HEX  traps, 
the  types  commonly  used  by  trap  fishermen. 

Increased  peeler  catch  in  small  mesh  traps  was  probably  attrib- 
utable to  two  factors.  First,  there  was  an  increased  catch  of  sub- 
legal  crabs  in  the  small  mesh  traps,  especially  in  the  97  and  107 
mm  CW  size  groups  (Table  3).  Second,  there  was  a  higher  per- 
centage of  peeler  crabs  in  the  small  mesh  traps  (36  to  43% )  than  in 
the  large  mesh  traps  ( 1 7  to  29% ).  The  increased  wire  density  of  the 
small  mesh  traps  may  have  attracted  a  greater  proportion  of  peeler 
crabs  because  of  the  tendency  of  premolt  crabs  approaching 
ecdysis  to  seek  shelter  to  molt  (Christian  et  al.  1987). 

In  conclusion,  baited  small  mesh  traps  have  significantly  higher 
catches  of  peeler  crabs  than  baited  large  mesh  traps,  suggesting 
that  a  directed  peeler  fishery  using  baited  small  mesh  traps  is 
plausible.  The  predominance  of  sublegal  crabs  in  small  mesh  traps 
would  discourage  use  of  this  gear  by  hard  crab  fishers.  Mandated 
escape  rings,  as  per  specifications  of  Guillory  (1989)  and  Guillory 
and  Merrell  (1993),  in  all  hard  crab  traps  except  for  small  (=s2.54 
cm)  mesh  traps  licensed  for  peeler  capture  may  be  a  management 
strategy  to  reduce  sublegal  catch  in  hard  crab  traps  and  yet  con- 
tinue to  supply  peelers  to  shedders.  This  strategy  would  reduce  or 
eliminate  conflicts  between  sublegal  hard  crab  catch  and  peeler 
supply  in  management  objectives  and  decisions.  Similar  manage- 
ment programs  already  have  been  adopted  in  Florida  and  several 
Atlantic  coast  states. 


TABLE  3. 
Width  frequency  distributions  of  peelers  by  trap  type  by  size  group  (10  mm  carapace  width)  intervals. 


Trap 

Type 

82 

92 

102 

112 

122 

132 

142 

152 

162 

182 

Total 

1.27x2.54 

105 

187 

214 

166 

76 

36 

29 

III 

3 

1 

827 

2.54  X  2.54 

79 

133 

184 

147 

101 

69 

25 

14 

9 

0 

761 

3.81  X3.8I 

5 

19 

84 

131 

86 

53 

16 

6 

3 

0 

403 

2.54  X  5.08 

1 

16 

81 

101 

69 

45 

15 

3 

6 

0 

337 

5.08  X  5.08 

0 

1 

3 

4 

■) 

16 

36 

15 

7 

0 

84 

Hexagonal 

1 

6 

12 

28 

31 

25 

12 

-) 

0 

0 
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ABSTRACT  As  in  other  aquatic  organisms,  disease  can  have  a  serious  impact  upon  blue  crab  populations.  Various  infectious  agents, 
including  \'iruses.  bacteria,  fungi,  protozoans,  and  metazoans  have  been  documented  in  blue  crabs.  In  many  cases,  large  scale  morbidity 
or  mortality  has  been  observed.  Nonetheless,  our  knowledge  of  disease  impacts,  as  well  as  means  for  managing  these  problems,  is 
rudimentary.  Much  information  is  needed  to  define  quantitatively  the  importance  of  various  diseases.  Because  of  the  exclusive  reliance 
of  blue  crab  shedding  operations  upon  wild  stocks,  there  is  a  close  interrelationship  between  the  health  of  crabs  in  the  natural 
environment  and  those  maintained  in  shedding  operations.  This  also  points  out  the  dependence  of  this  growing  industry  upon  healthy 
wild  populations  for  continued  success.  The  purpose  of  this  paper  is  to  provide  a  review  of  the  current  literature  on  important  diseases 
of  blue  crabs,  with  special  emphasis  on  shell  disease,  a  stress-related  syndrome  that  may  provide  useful  insights  into  assessing  stress 
m  blue  crab  populations.  These  studies  indicate  that  further  research  is  needed  in  assessing  stress  in  blue  crab  populations,  so  that  risk 
factors  (e.g..  water  quality  detenoration)  that  lead  to  compromised  health  are  defined,  and  more  effective  management  strategies  can 
be  developed. 

KEY  WORDS:     Pathogens,  pollution,  stress,  microbes,  parasites,  blue  crab,  Callinecles  sapidus 


DISEASES  OF  BLUE  CRABS 

The  blue  crab.  Callinecles  sapidus.  is  one  of  the  most  commer- 
cially and  ecologically  important  crustaceans  in  the  estuarine  en- 
vironments of  the  eastern  United  States  (Sandoz  et  al.  1944.  Tagaiz 
1968.  Messick  and  Sindemiann  1992).  Several  important  diseases 
of  blue  crabs  were  recognized  in  the  early  as  the  1900s.  but  it  was 
not  until  the  1960s  that  the  use  of  light  and  electron  microscopy 
began  to  reveal  the  diversity  and  seriousness  of  the  pathogens 
(Table  1 ).  Although  many  agents  cause  disease  in  captive  blue  crab 
populations,  and  their  pathogenicity  has  been  proved  in  laboratory 
studies,  little  is  known  about  how  diseases  affect  free-ranging 
populations.  The  rapid  decomposition  of  dead  or  dying  crabs  and 
consumption  of  weakened  crabs  by  predators  {Sawyer  1991) 
makes  it  difficult  to  estimate  mortalities  in  the  wild  (Nichols  and 
Spears  1982).  In  contrast,  economic  losses  in  commercial  shedding 
operations  have  been  better  documented.  For  example.  Sawyer 
(1969)  reported  up  to  86%  mortality  caused  by  Paramoeba  per- 
niciosa  infection.  Krantz  et  al.  ( 1 969)  observed  mortalities  of  up  to 
50%  associated  with  bacteria,  including  Vibrio  parahaemolyticus. 
and  Sizemore  ( 1985)  observed  mortalities  of  8  to  809f  attributable 
to  bacteria,  including  vibrios. 

The  following  account  provides  a  brief  summary  of  the  prin- 
cipal infectious  agents  affecting  blue  crabs.  For  more  details  on  the 
gross  and  microscopic  features  of  various  diseases,  readers  should 
refer  to  the  excellent  accounts  of  Messick  and  Sindermann  ( 1 992 ). 
Millikin  and  Williams  (1984).  and  Overstreet  (1978.  1983). 

Viruses 

Viral  diseases  of  blue  crabs  are  of  particular  concern  and  rep- 
resent an  area  of  investigation  that  is  only  beginning  to  be  appre- 


ciated. Viruses  are  among  the  inost  poorly  understood  pathogens 
of  blue  crabs  and  have  been  classified  pritnarily  based  upon  ultra- 
structure.  The  lack  of  cell  lines  that  allow  viral  propagation  has 
made  it  impossible  to  obtain  these  viruses  in  sufficient  quantities  to 
purify  them  and  carry  out  immunological  and  molecular  charac- 
terizations. There  remains  a  critical  and  important  need  for  con- 
tinued research  on  cell  culture  techniques  and  inethods  for  rapid 
diagnosis. 

The  first  viral  disease  in  blue  crabs  was  described  by  Johnson 
and  Bodammer  (1975).  who  identified  virus-like  particles  in  a  sick 
aniinal  from  Chincoteague  Bay.  Virginia.  It  had  been  sampled 
from  a  group  of  crabs  that  had  become  sick  after  being  held  in  the 
laboratory,  suggesting  that  stress  was  a  factor  in  disease  develop- 
ment. Johnson  (1976)  identified  this  agent  as  a  Herpes  virus  (HLV 
=  Herpes-Wkt  Virus).  However,  after  re-examining  the  agent's 
ultrastructure,  Johnson  ( 1 988 1  concluded  that  it  probably  belonged 
to  a  new  family  and  renamed  it  Bi-Facies  Virus  (BFVl. 

Further  studies  lead  to  the  discovery  of  viruses  belonging  to  the 
Baculoviridae  (Johnson  1976b).  Rhabdoviridae  (Johnson  1977, 
Jahromi  1977.  Yudin  and  Clark  1978.  Yudin  and  Clark  1979). 
Reoviridae  (Johnson  1984),  and  Picornaviridae  (Johnson  1984). 
As  with  BFV,  other  virus  infections  in  blue  crabs  are  suspected  to 
result  from  such  stressful  conditions  as  holding  them  in  pots  or 
tanks.  Bi-Facies  Virus  was  lethal  to  experimentally  infected  crabs 
and  was  estimated  to  have  a  prevalence  of  up  to  13%  in  wild  crabs 
(Johnson  1984).  Both  Reo-like  Virus  and  Chesapeake  Bay  Virus 
are  lethal  to  experimentally  infected  crabs  (Johnson  1984.  Messick 
and  Sindermann  1992).  Although  Reo-like  Virus  and  Rhabdo-like 
Virus  infections  were  found  repeatedly  in  blue  crabs  from  Chin- 
coteague Bay.  gross  signs  of  disease  were  noted  only  after  crabs 
were  held  in  the  laboratory,  possibly  because  individuals  with 
advanced  disease  are  removed  by  predators  (Johnson  1984). 
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TABLE  1. 
Infectious  agents  of  wild  or  cultured  blue  crab  populations.' 


Major  Pathogens  and  Commercially  Important  Agents 


Pathogen 


Major  Effect  on  Host 


Crustaceans 

Sacculinid  barnacle  {UKotliylaciis  lexdniis) 
Nemerteans 

Nemertean  parasite  {Carcinoiwmenes  caninophila) 
Digeneans 

Digenean  treniatodes 

[MicrophthaUiis  basodactylophtliallus.  Megulophrhallus  sp., 
Levinsiella  capitanea) 
Dinoflagellate  Protozoa 

Parasitic  dinoflagellate  {HcmuUHlinium  perezi) 

Toxic  dinotlagellates 

(Pfiesleiiu  piscicida.  Gymodiniiim  breve?) 
Amoebic  Protozoa 

Parasitic  amoeba  iPanimoeba  perniciosa) 

Ciliate  Protozoa 

Ectocommensal  protozoans  {Lagenophns  callinectes.  Episniis) 
Microsporidian  Protozoa 

Microsporidiosis  {Ameson  michaelis.  A.  sapidi.  Pleistophora  cargoi) 
Haplosporidian  Protozoa 

Haplosporidian  {Miiichinin-hke  sp.) 
Fungi 

Water  mold  intection  (Lagenidiitm  callinectes) 
Bacteria 

Gram-negative  bacteremias  (Vibrio,  Aeniimmas.  Pleisomonas. 

Pseudnmonas,  etc.) 
Bacterial  shell  disease 
Viruses 

Bi-facies  virus 

Chesapeake  Bay  virus 

Reo-like  virus 


Sterilization;  decreased  growth;  mortality 
Destruction  of  egg  mass  and  gill  lamellae 

Reduces  market  value  of  meat  ("black  spot"; 


Systemic  infection  and  hemocytopenia;  cause  of  death  uncertain 

(multiple  organ  failure?) 
Acute  mortality,  probably  chronic  effects 


Systemic  infection  and  hemocytopenia;  cause  of  death  uncertain 
(multiple  organ  failure?) 

Inhibits  gill  function 

Muscle  lysis 

"Hemocytic  dysfunction";  only  reported  once 

Destruction  of  egg  mass  and  larvae 

Systemic  infection  and  hemocytopenia;  cause  of  death  uncertain 

(multiple  organ  failure?) 
Reduced  carcass  value;  may  lead  to  bacteremia 

Hemolymph  damage 

Systemic  infection 

Hemolymph  and  nervous  damage 


Infectious  Agents  of  Blue  Crab  with  Little  or  Unknown  Documented  Effect  on  Their  Host 


Crustaceans 

Gooseneck  barnacle  (Octolasmis  muellier) 

Acorn  barnacle  [Chelonihia  patula) 
Annelids 

Leech  (Myzolxlella  liigubris.  Calliobjcllu  vivida) 
Nematodes 

Hwrrerotliyliicinin  reliquens 
Branchiobdellids 

Camburincdlu  vitreiis 
Hydroids 

Bougainvillia  sp. 

Obelia  hidentata 
Bryozoans 

TrilicelUi  elongata 
Amoebic  Protozoa 

PseiiddViddkaiiiphia  emersoni 
Ciliate  Protozoa 

Acinela.  Ephelnta,  Carcbe.siwn,  Mesanopliryx 
Haplosporidian  Protozoa 

Haplosporidian  (Ascetospora) 
Viruses 

Baculovirus  A 

Baculovirus  B 

Rhabdo-like  virus  A 

Rhabdo-like  vnus  B 

Paramyxo-like  enveloped  helical  virus 


"  Modified  from  Johnson  (1983),  Messick  and  Sindermann  (1992)  and  Millikin  and  Williams  (1984).  Bactenal  inlcctums,  paramoebiasis  (Sawyer  1969, 
John.son  1977)  and  shell  disease  (Sindermann  19X9)  have  been  documented  to  occur  in  shedding  operations. 
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Bacti'ria 

Bacterial  infections  ha\e  not  been  linked  to  morbidity  or  mor- 
tality in  wild  populations  of  blue  crabs,  with  the  possible  exception 
of  shell  disease.  Shell  disease,  also  known  as  "burn  spot  disease," 
"black  spot  disease."  or  "rust  disease."  produces  localized  areas 
of  discoloration  on  the  carapace  or  appendages.  In  mild  cases, 
lesions  may  be  eliminated  after  molting,  but  in  advanced  cases, 
when  the  lesions  penetrate  the  carapace,  adhesions  and  inflamma- 
tion may  prevent  healing  and  even  normal  molting  (Siiidermann 
1989).  Much  of  what  is  known  about  shell  disease  has  been  de- 
termined from  studies  on  blue  crabs,  rock  crabs.  Jonah  crabs,  and 
lobsters;  it  has  been  reviewed  by  Sindermann  et  al.  (1989)  and  is 
addressed  in  the  health  assessment  section. 

Most  of  the  bacteria  associated  with  disease  in  blue  crabs  are 
vibrios,  but  Pseudomonas.  Proteus,  Pleisomonas.  Aeromonas.  and 
Beneckeu  have  also  been  identified  from  diseased  crabs  (Over- 
street  1982,  Noga  et  al.  1994).  Cook  and  Lofton  (1973)  identified 
Beneckea  Type  1  from  blue  crabs  from  Louisiana  and  Mississippi 
and  found  that  it  caused  necrotic  lesions  only  in  crabs  where  the 
shell  was  mechanically  damaged.  The  authors  suggested  that  bac- 
teria may  be  unable  to  penetrate  the  epicuticle  but  rather  function 
as  opportunists  when  damage  occurs  (see  the  Possible  Causes  of 
Shell  Disease  subsection). 

Babinchak  et  al.  (1982)  cultured  blue  crab  gills  from  South 
Carolina  coastal  waters  and  recovered  higher  numbers  of  vibrios, 
fecal  coliforms.  and  aerobic  heterotrophic  bacteria  from  crabs  with 
abnormally  colored  (i.e..  mahogany-colored)  gills  than  from  crabs 
with  grossly  normal  gills.  They  suggested  that  the  gill's  autoch- 
thonous bacterial  flora  may  be  useful  for  monitoring  for  biological 
or  chemical  pollution.  Kelley  and  Williams  (1992)  cultured  gill 
tissue  for  bdello-vibrios  (phages)  and  heterotrophic  bacteria  from 
freshly  caught  crabs  and  crabs  held  in  commercial  markets.  The 
mean  phage  counts  were  14.8  x  10-  PFU  (plaque-forming  units )/g 
of  tissue  for  fresh  crabs  and  increased  to  19.2  x  10"  PFU/g  in  those 
from  markets.  The  mean  bacterial  counts  were  1.4  x  10*^  CFU 
(colony-forming  units  )/g  of  tissue  for  fresh  crabs  and  increased  to 
127  X  10''  CFU/g  in  crabs  from  markets.  The  results  clearly 
showed  that  blue  crabs  were  a  reservoir  for  bdellovibrios  and 
agreed  with  studies  by  others  that  microbial  counts  were  highest  in 
crabs  held  after  capture. 

The  potential  importance  of  stress  in  predisposing  blue  crabs  to 
bacterial  infection  was  demonstrated  by  the  studies  of  Tubiash  et 
al.  (1975),  Colwell  et  al.  (1975).  and  Welsh  and  Sizemore  (1985). 
Tubiash  et  al.  (1975)  and  Colwell  et  al.  (1975)  cultured  Vibrio. 
Acinetobacter,  Flavobacterium.  and  Bacillus  from  blue  crab 
hemolymph.  Of  290  crabs  sampled  by  Tubiash  et  al.  ( 1975).  82% 
had  detectable  bacteria:  higher  bacterial  counts  were  present  in 
crabs  with  missing  appendages  or  other  injuries.  Welsh  and 
Sizemore  (1985)  compared  the  hemolymph  flora  of  "unstressed" 
(bled  at  the  time  of  capture)  and  "stressed"  (held  in  captivity  for 
24  hr  or  longer)  crabs,  and  found  that  unstressed  crabs  had  mean 
hemolymph  bacterial  counts  of  14  CFU/ml;  whereas,  stressed 
crabs  had  a  mean  of  46  CFU/ml.  Furthermore,  91%  of  the  stressed 
crabs  had  hemolymph  bacteria,  as  compared  to  75%  of  the  un- 
stressed crabs.  These  data  provide  evidence  that  the  hemolymph  of 
healthy  crabs  often  harbors  bacteria  and  that  these  bacteria  signifi- 
cantly increase  with  stress  or  trauma.  This  bacteremia  may  in- 
crease the  risk  of  morbidity  and  mortality  when  crabs  are  shipped 
to  market,  held  in  traps  or  shedding  tanks,  or  subjected  to  other 
environmental  stresses  (Johnson  1976c). 


Fungi 

Fungi  are  not  considered  as  importaiK  as  bacteria  or  parasites  in 
causing  disease  in  blue  crabs.  However,  in  some  instances,  they 
have  been  suspected  of  causing  significant  mortalities  in  fishery 
populations.  Immature  stages  (eggs  and  larvae)  are  the  main  tar- 
gets. The  most  serious  and  well-described  fungal  disease  of  blue 
crabs  is  caused  by  Lagenidiuiu  callinectes  (Couch  1942).  Motile 
zoospores  settle  on  the  maturing  eggs  of  females  and  develop  a 
germ  tube  that  penetrates  the  eggs  and  develops  into  a  mycelium 
(Couch  1942).  The  fungus  spreads  rapidly  over  the  surface  of  the 
egg  mass,  but  the  mycelia  rarely  penetrate  deeper  than  3  mm, 
sparing  eggs  deeper  in  the  egg  mass  from  infection  (Newcombe 
and  Rogers  1947).  Sandoz  et  al.  (1944)  and  Rogers-Talbert  ( 1948) 
identified  the  fungus  from  many  blue  crabs  in  the  lower  Chesa- 
peake Bay  during  a  period  of  fluctuating  commercial  harvests  in 
the  1940s,  and  Bland  and  Amerson  ( 1973.  1974)  found  it  on  blue 
crab  egg  masses  in  North  Carolina.  Haliphtlioros  milfordensis. 
morphologically  similar  to  L.  callinectes  and  originally  isolated 
from  the  oyster  drill.  Urosalpinx  cinerea.  caused  experimental 
infections  in  blue  crab  eggs  (Bland  and  Amerson  1974).  Eggs 
naturally  infected  with  L.  callinectes  may  have  a  brown  or  gray 
color:  whereas,  those  experimentally  infected  with  H.  milfordensis 
may  be  dark  orange-yellow  (Bland  and  Amerson  1974). 

Protozoa 

Amoebae 

Sprague  and  Beckett  ( 1966.  1968)  discovered  a  disease  of  "un- 
known etiology"  in  blue  crabs  from  Chincoteague  Bay  and  seaside 
Virginia.  In  the  hemolymph.  they  found  large  numbers  of  two  cell 
types  that  contained  two  distinct  types  of  nucleus-like  bodies.  One 
cell  type  had  a  "typical"  nucleus,  and  the  other  contained  a  large 
amount  of  Feulgen-positive  material:  the  latter  cell  type  was  sus- 
pected of  being  a  virus-transformed  "blood  cell"  (Sprague  and 
Beckett  1966).  However,  further  studies  showed  that  the  cells  were 
a  species  of  Paramoeba.  The  type  species  of  this  genus,  Pa- 
ramoeba  eilhardi,  was  discovered  as  a  free-living  protozoan  in  a 
marine  aquarium  in  Berlin.  Germany.  The  common  morphological 
feature  between  P.  eilhardi  and  the  blue  crab  organism  was  the 
Feulgen-positive  body  described  by  Schaudinn  (1896)  as  a 
"Nebenkorper."  Sprague  et  al.  (1969)  obtained  cultures  of  P. 
eilhardi.  carried  out  extensive  culture  studies  with  the  amoeba 
from  blue  crab,  including  methods  used  for  growing  P.  eilhardi, 
and  proposed  the  name  Paramoeba  perniciosa.  for  the  species 
isolated  from  blue  crabs.  Paramoeba  perniciosa  differed  from  P. 
eilhardi  by  its  failure  to  thrive  under  identical  culture  conditions, 
small  size,  and  lack  of  radiating  digitiform  or  filiform  pseudopo- 
dia.  The  disease  caused  by  P.  perniciosa  was  termed  "gray  crab" 
disease  and  was  characterized  by  grayish  discoloration  of  the  ven- 
tral carapace  and  watery  appearance  of  the  hemolymph.  which 
failed  to  clot  (Sawyer  et  al.  1970.  Pauley  et  al.  1975). 

Sawyer  (1969)  tested  121  hemolymph  samples  from  premolt 
crabs  and  found  35%  of  them  harbored  P.  perniciosa.  and  only  8% 
of  156  intermolt  crabs  had  amoeba  in  their  hemolymph.  Interest- 
ingly, the  molting  process  is  known  to  be  a  stressful  stage  in 
crustaceans"  life  history.  The  premolt  crabs  originated  from  a 
Maryland  crab  dealer  who  had  purchased  them  in  Virginia.  Peak 
mortality  occurred  in  early  summer,  with  84%  mortality  in  his 
shedding  tanks  in  June,  1968.  This  was  also  the  case  for  a  supplier 
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in  Public  Landing,  Maryland,  who  reported  losing  about  50%  of 
his  commercial  stock  in  June. 

Histopathology  of  heavily  infected  crabs  showed  amoebae  in 
the  hemal  spaces  of  the  gills,  intestinal  wall,  and  hepatopancreas. 
Sawyer  et  al.  (1970)  found  that  P.  pemiciosa  infection  often  re- 
duced hemocyte  concentrations  in  hemolymph,  but  the  hemocytes 
were  often  replaced  by  large  numbers  of  amoebae.  Uninfected 
hemolymph  had  4,000  to  120,000  cells/mm'  as  compared  to  3,750 
to  238,000  cells/mm'  in  hemolymph  from  infected  crabs.  Differ- 
ential staining  showed  that  amoebae  made  up  from  3  to  100%  of 
the  cells. 

Paiamoeba  pemiciosa  infection  is  often  not  apparent  unless  a 
crab  is  in  the  terminal  stages  of  the  disease.  In  a  study  of  gray  crab 
disease  in  South  Carolina  in  1967,  only  one  of  312  crabs  had 
amoebae  in  stained  hemolymph  smears  (Newman  and  Ward  1973). 
Sawyer  (1969)  had  noted  earlier  that  amoebae  were  present  in 
histological  sections  of  the  hepatopancreas  and  intestinal  wall 
when  hemolymph  was  negative  for  the  parasites.  This  observation 
suggested  that  not  all  infected  crabs  would  be  detected  in  field 
surveys  if  only  hemolymph  smears  were  used  for  diagnosis. 
Johnson  (1977)  confirmed  that  P.  pemiciosa  primarily  parasitizes 
the  blood  vessels  and  connective  tissue  and  is  usually  found  in  the 
hemolymph  only  in  terminal  infections.  Unpublished  observations 
(Sawyer  and  Newman)  on  South  Carolina  blue  crabs  in  1968 
showed  that  amoebae  were  delected  on  stained  hemolymph  smears 
only  from  crabs  that  had  failed  to  turn  over  when  placed  on  their 
back  at  the  time  of  collection.  Lethargy  or  weakness  in  crabs 
infected  with  P.  pemiciosa  has  also  been  noted  by  Johnson  (1977) 
and  Campbell  (1984).  Sparks  and  Hibbits  (1981)  selected  for 
trematode-infected  Dungeness  crabs.  Cancer  magister,  by  choos- 
ing moribund,  anorectic,  or  abnormally  behaving  individuals. 
Thus,  field  surveys  designed  to  monitor  disease  may  be  advised  to 
include  crabs  that  are  lethargic  or  weak. 

Sawyer  (1980)  described  Pseiidovalilkampfia  einersoni  from 
the  digestive  tract  of  a  blue  crab.  The  amoebae  appeared  on  an  agar 
culture  plate  inoculated  with  hemolymph  that  was  contaminated  by 
accidentally  puncturing  the  digestive  tract.  The  amoebae  formed 
large,  slime  mold-like  multinucleate  plasmodia  that  separated  into 
individual  motile  amoebae  upon  adding  seawater  to  the  culture. 
Psetidovalilkainpfia  einersoni  was  not  considered  to  be  parasitic  in 
the  blue  crab,  because  the  same  organism  was  recovered  from  the 
gill  surface  of  the  lady  crab.  Ovalipes  ocellatus. 

Ciliates 

Ectocommensal  ciliates  attach  to  solid  surfaces  by  means  of  a 
stalk  or  adhesive  disc  and  include  peritrichs  and  suctorians.  Per- 
itrich  ciliates  may  be  free-swimming  (Mobilina)  or  sessile  (Ses- 
silina);  whereas,  suctorians  are  sessile.  Both  reproduce  by  either 
endogenous  or  exogenous  budding  to  form  free-swimming  telo- 
trochs  that  eventually  settle  and  grow  into  adults.  Peritrichs  have 
rows  of  cilia  that  create  currents  of  water  carrying  food  organisms 
to  the  adoral  zone,  and  adult  suctorians  do  not  have  cilia.  In  place 
of  cilia,  suctorians  have  two  types  of  tentacles,  one  for  paralyzing 
prey  and  the  other  for  ingestion.  Two  genera  of  suctorians.  Acineta 
(Sprague  and  Couch  1971)  and  Ephchna  (Sawyer  et  al.  1976). 
have  been  reported  as  epibionts  on  blue  crab  gills.  The  stalked 
colonial  perilrich.  Episrylis.  has  also  been  observed  on  blue  crab 
gills  (Couch  1966.  Overstreet  1978).  Perhaps  the  best  known  and 
most  thoroughly  described  sessile  peritrich,  Lagenophrys  calli- 
necles.  was  discovered  by  Couch  ( 1973).  In  contrast  to  Epistylis,  L. 


callinectes  occurs  as  discrete,  stalkless,  individual  trophonts 
housed  within  a  transparent  hemispherical  lorica  (Couch  1973).  In 
addition  to  the  gills,  peritrichs  and  suctorians  infest  blue  crab  egg 
masses:  that  is,  Carchesium  and  Ephelom  (Rogers-Talbert  1948). 
Recently,  an  endoparasitic  ciliate  that  lives  in  the  hemolymph  or 
hemal  spaces  of  blue  crabs,  has  been  identified  as  a  new  species, 
Mesanophrys  chesapeakensis  (Messick  and  Small  1996)  (Fig.  1). 
Mesanophrys  chesapeakensis  seems  to  be  a  rare  parasite  of  C. 
sapidus,  having  been  found  in  only  in  8  of  2,500  specimens. 

Disease  or  mortality  in  blue  crabs  caused  by  ectocommensal 
ciliates  has  not  been  well  documented.  However,  Couch  (1973) 
first  observed  Epistylis  and  L.  callinectes  on  gills  of  moribund 
crabs  held  in  holding  tanks.  He  suggested  that  a  combination  of 
factors,  including  crowding,  parasitism,  low  oxygen  tension  during 
warm  months  and  mechanical  injury,  accompanied  by  heavy  in- 
festations of  gill  surfaces  by  epibionts,  could  contribute  to  mor- 
bidity or  mortality  in  laboratory  held  crabs.  Frequent  molting  of  C. 
sapidus  during  the  summer  and  fall  provides  a  means  by  which 
epibionts  and  other  microorganisms  on  infested  gills  are  cast  off 
w  ith  the  shed  cuticle.  Therefore,  infestations  that  are  dense  enough 
to  cause  respiratory  impairment  would  be  expected  in  older  crabs 
that  no  longer  undergo  seasonal  molting  or  in  crabs  with  condi- 
tions that  inhibit  successful  molting.  Morado  and  Small  (1995) 
have  published  an  extensive  review  of  ciliates-associated  with 
crustaceans. 

Microsporidia 

Sprague  (1966,  1970)  described  Pleistophora  cargoi  from  the 
skeletal  and  cardiac  musculature  of  a  blue  crab  captured  near  So- 
lomons, Maryland.  Ameson  (=Nosema)  micliaelis  was  also  de- 
scribed by  Sprague  (1970,  1978)  from  crabs  captured  at  Solomons. 
Ameson  michaelis  was  reported  to  be  widespread,  lysing  host 
muscle  and  killing  many  crabs.  Ameson  sapidus  (DeTurk  1940b, 
Sprague  1970)  also  infects  blue  crabs,  causing  muscles  to  appear 
opaque  white.  Sprague  and  Couch  (1971)  also  observed  a  mi- 
crosporidan  similar  to  Nosema  spelotremae  in  metacercariae  en- 
cysted in  the  muscles  of  blue  crabs.  With  the  exception  of  A. 
michaelis.  microsporidians  and  other  parasitic  protozoans  are  be- 
lieved to  be  most  dancerous  when  crabs  are  stressed. 


Figure  I.  IMiotomicrograph  of  the  hemoparasitic  ciliate  Mesanophrys 
chesapeakensis  (from  Messick  and  Small  1996).  1  cm  =  10  (im. 
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Haplosporida 

Haplospciridan  infections  seems  to  be  rare  in  blue  crabs  and 
definitixe  lite  cycle  stages  that  support  identifications  to  genus  or 
species  have  not  been  found.  Newman  et  al.  (1976)  described  an 
unidentified  Af(;i(7;/;i(fl-like  haplosporidan  from  the  hemolymph  of 
one  crab  from  Chincoteague  Bay.  Virginia,  and  one  from  Beaufort. 
North  Carolina.  The  authors  proposed  that  it  probably  represented 
a  new  species  of  haplosporidan  based  upon  the  shape  of  the  hap- 
losporosomes  and  their  proximity  to  the  nuclear  membrane.  The 
parasite  was  suspected  of  causing  a  fatal  disease  in  blue  crabs, 
because  one  of  the  two  specimens  was  moribund  when  examined. 
The  authors  also  mentioned  that  Dr.  Phyllis  Johnson  (National 
Marine  Fisheries  Service  Laboratory.  Oxford.  Maryland)  found 
this  organism  in  three  crabs,  two  of  which  were  dead  when  exam- 
ined. Observations  by  Johnson  also  indicated  that  the  disease  may 
be  rare,  because  only  3  of  475  specimens  from  Chincoteague  Bay 
were  positive.  However,  if  the  disease  is  often  fatal,  weakened  or 
diseased  crabs  could  be  fed  upon  by  predators,  thereby  lessening 
the  chances  of  detecting  the  infection. 

Dinoflagellates 

Hematodinium  perezi  was  first  described  in  the  hemolymph  of 
Carcinus  maemis  and  Portunus  (Macropipus)  depurator  (Chatton 
and  Poisson  1931).  Newman  and  Johnson  (1975)  subsequently 
discovered  it  in  blue  crab  hemolymph.  Infected  crabs  have  been 
found  in  Maryland.  Virginia.  North  Carolina.  Georgia,  and  Florida. 
with  up  to  30%  prevalence  in  some  samples  (Newman  and 
Johnson  1975.  Messick  1994).  Highest  prevalence  was  noted  in  the 
fall.  Hemolymph  from  heavily  infected  crabs  was  milky-white  or 
opalescent  and  slow  to  clot,  similar  to  crabs  heavily  infected  with 
Paramoeha  perniciosa.  Heincitodinium  perezi  is  readily  differen- 
tiated from  other  parasites  by  the  presence  of  distinctive,  perma- 
nently condensed,  V-shaped  chromosomes  (Chatton  and  Poisson 
1931 ).  Highly  motile,  elongate,  dumbbell,  or  comma-shaped  cells 
with  up  to  12  nuclei  were  observed  in  healthy  crabs  presumed  to 
have  been  recently  infected  (Newman  and  Johnson  1975).  Shields 
(1994)  recently  published  an  extensive  account  of  dinoflagellates 
parasitic  in  marine  crustaceans. 

Although  not  true  parasites,  the  toxin-producing  dinoflagellates 
Gymnodinium  breve  and  Pfiesteria  piscicida  have  caused  acute 
kills  in  blue  crab  populations  along  the  Atlantic  or  gulf  coasts  of 
the  United  States  (Steidinger  and  Baden  1984,  Burkholder  et  al. 
1992).  Pfiesteria  piscicida  is  also  suspected  of  nonlelhally  stress- 
ing crabs  and.  thus,  is  suspected  of  possibly  contributing  to  disease 
outbreaks  in  the  Albemarle-Pamlico  Estuary.  North  Carolina 
(Noga  et  al.  1994.  Noga  et  al.  1996b.  see  Possible  Causes  of  Shell 
Disease  subsection). 

Parasitic  and  Ectocommensal  Metazoans 

Blue  crabs,  like  many  other  invertebrates,  may  serve  as  hosts  or 
"substrates"  for  commensal  metazoans.  such  as  leeches  and  bar- 
nacles, as  well  as  intemiediate  hosts  for  parasitic  nematodes  and 
digeneans. 

Digeneans  and  Nematodes 

The  larval  (metacercaria)  stage  of  the  digenean  trematodes  Mi- 
crophallus basodactylopliallus  and  Megalophallus  sp..  are  well- 
known  infections  of  blue  crab  muscle  (Couch  1974).  The  encysted 
metacercariae  become  easily  visible  when  infected  (hyperparasit- 
ized)  by  the  haplosporidan.  Urosporidiwn  crescens,  which  pro- 


duces black  spores  (DeTurk  1940a).  This  gives  an  unappetizing 
appearance  to  crab  muscle,  and  the  term  "pepper  spot"  or  "pep- 
per crab"  has  been  used  to  describe  such  infections.  In  his  com- 
prehensive review  of  the  metazoan  parasites  of  crustaceans.  Over- 
street  (1983)  listed  Levinsciuella  capiuinca  metacercaria  as  para- 
sitizing gonad,  hepatopancreas.  and  thoracic  muscles  of  blue  crabs 
and  Microphallus  nicolli  and  Megalophallus  pygmaeus  metacer- 
cariae as  parasites  of  muscle  (Overstreet  1982).  Trematode  infec- 
tions probably  do  not  cause  high  mortalities  in  blue  crabs,  but  may 
weaken  individuals  with  heavy  infections,  rendering  them  more 
susceptible  to  predation. 

Deardorff  and  Overstreet  (1981)  list  C  sapidus  as  an  interme- 
diate host  for  an  anisakid  nematode.  Hysterothylacium  reliquens. 
that  matures  in  the  intestinal  tract  of  marine  fish.  Thus,  although 
there  is  not  an  extensive  literature  on  nematode  infections  in  blue 
crabs,  there  are  some  data  to  suggest  that  they  may  be  important 
intermediate  hosts  for  some  anasakid  nematodes  and  serve  as  res- 
ervoirs for  the  parasites  during  periods  of  migration  and  hiberna- 
tion. 

Nemerteans 

Nemerteans  are  flat  or  "ribbon"  worms  (Phylum  Rhyncho- 
coela).  which  are  mostly  free-living,  feeding  primarily  on  worms, 
crustaceans,  mollusks,  and  other  small,  soft-bodied  animals  (Coe 
1951).  However,  a  few  are  commensal  or  parasitic.  Carcino- 
nemertes  carcinophila  is  a  well-known  parasite  that  infects  the 
gills  or  egg  masses  of  blue  crabs  and  other  crustaceans.  It  has  been 
reported  from  the  Atlantic  coasts  of  North  America  and  Europe 
and  the  northern  Gulf  of  Mexico  (Coe  1 95 1).  Humes  (1941,  1942) 
described  the  morphology  and  life  cycle  of  C  carcinophila.  A 
smaller  form.  C.  carcinophila  var.  imminuta,  is  found  on  blue 
crabs  at  Grand  Isle.  Louisiana,  as  well  as  other  crustaceans  in  the 
West  Indies.  Panama,  and  Brazil.  Many  nemerteans,  including  C. 
carcinophila,  measure  100  mm  or  less  in  length  but  one  species, 
Baseodisciis  delineatus.  may  exceed  500  mm  (Coe  1951)! 

Carcinonemertes  carcinophila  lays  its  eggs  on  the  blue  crab's 
egg  mass,  or  sponge,  where  they  hatch  and  then  feed  on  host  eggs 
until  they  become  sexually  mature.  The  large  number  of  blue  crab 
eggs  (up  to  2  million)  in  the  sponge  is  probably  a  major  reason  for 
successful  commercial  harvests  despite  the  often  high  prevalence 
of  C.  carcinophila  (Hopkins  1947).  Hopkins  (1947)  followed  C. 
carcinophila's  development  through  the  spawning  and  shedding 
cycles  of  female  crabs  and  found  that  infection  was  a  useful  indi- 
cator of  reproductive  status.  Immature  worms  infect  the  sponge 
and  when  near  sexual  maturity,  they  migrate  to  the  gills.  The 
presence  of  the  large,  red,  sexually  mature  female  worms  on  the 
gills  indicate  that  the  infected  crab  has  spawned  at  least  once. 
Using  the  large  red  females  as  indicators.  Hopkins  (1947)  found 
that  about  97%  of  the  mature  female  blue  crabs  in  lower  Chesa- 
peake Bay  had  spawned,  and  that  over  95%  of  them  had  retained 
the  large  red  female  worms  on  the  gills  throughout  the  winter. 

Barnacles  and  Leeches 

Barnacles  are  well  known  ectocominensals.  The  acorn  bar- 
nacle. Chelonibia  patula.  is  found  on  the  carapace  of  blue  crabs. 
The  gooseneck  barnacle.  Dichelaspis  mulleri  (  =  Octolasinis  mul- 
leri)  was  first  identified  on  crabs  from  Beaufort,  North  Carolina 
(Coker  I90I).  Coker  (1901)  found  that  71%  (128/180)  of  the  in- 
dividuals were  infected,  with  the  highest  percentage  on  females. 
Usually  2  to  10  barnacles  were  present,  but  more  than  500  were  not 
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uncommon,  especially  on  crabs  with  a  large  branchial  chamber.  He 
also  found  that  80%  of  the  crabs  with  acorn  barnacles  harbored 
gooseneck  barnacles.  Although  heavy  infections  of  gooseneck  bar- 
nacles might  interfere  with  respiration,  and  heavy  infections  of 
acorn  barnacles  might  inhibit  mobility  (Overstreet  1978),  neither 
of  these  species  are  believed  to  be  a  problem.  The  greatest  poten- 
tial for  harm  would  be  in  older  crabs  that  have  undergone  a  ter- 
minal molt,  because  both  barnacles  are  shed  with  the  molt. 

In  contrast  to  Octolasmis  and  CheUmibia.  the  sacculinid  bar- 
nacle (Loxothylacus  texanus).  is  an  obligate  parasite  of  C.  sapidus. 
The  adult  is  highly  adapted  to  parasitism  and  does  not  resemble  a 
typical  barnacle;  identification  is  based  on  the  naupliar  and  cyprid 
larval  stages  (Zullo  1979).  A  specialized  cyprid  larva,  the  kentro- 
gen,  penetrates  into  the  host  carapace  and  develops  into  the  adult, 
which  consists  of  internal  feeding  structures  and  an  external  re- 
productive body  (Zullo  1979).  Lowotltylacits  texanus  penetrates 
the  abdominal  segment  or  "apron."  restricting  growth  of  the  host; 
such  stunted  crabs  are  called  "button  crabs"  (Messick  and  Sin- 
dermann  1992).  Parasitic  castration  may  occur  in  male  crabs. 

The  leech  Myzobdella  lugiibris  is  found  on  blue  crabs  primarily 
in  low  salinity  waters.  Infestations  by  M.  hiiiubiis  are  not  consid- 
ered to  be  serious,  although  Hutton  and  Sogandares-Bernal  ( 1959) 
reported  M.  lugiibris  protruding  through  holes  in  the  carapace  of  C. 
sapidus  in  half  of  the  30  specimens  examined  in  Florida.  It  is 
unlikely  that  the  soft  mouth  parts  of  the  leech  could  make  perfo- 
rations in  normal  carapace,  and  the  authors  suspected  that  the 
leeches  either  secondarily  invaded  pre-existing  lesions,  or  perhaps 
could  perforate  the  carapace  of  newly  molted  animals.  Interest- 
ingly. M.  lugubris  has  also  been  associated  with  deep  ulcers  in  the 
oral  cavity  of  largemouth  bass  {Micropterus  salmoides)  in  Curri- 
tuck Sound.  North  Carolina  (Noga  et  al.  1990b).  Callinbdella 
vivida  is  also  listed  by  Overstreet  ( 1982)  as  a  parasite  of  blue  crabs. 

Overstreet  (1982,  1983)  provided  a  comprehensive  account  of 
other  epicomniensals  of  blue  crabs  (e.g..  the  hydroids  Binigaiuvil- 
lia  and  Obeliu  bidentala:  the  branchiobdellid  worm.  Cambarin- 
cola  vitreus:  a  monhysterid  nematode;  and  the  bryozoan.  Triticella 
elongata).  Hydroids  and  bryozoans  are  most  likely  to  be  found  on 
the  shells  of  older  crabs  that  no  longer  molt. 

HEALTH  ASSESSMENT:  SHELL  DISEASE  SYNDROME  AS 
A  MODEL 

Although  many  diseases  are  capable  of  causing  morbidity  or 
mortality  in  blue  crab  populations,  there  is  almost  no  information 
on  the  true  impact  of  any  disease  on  the  productivity  of  either 
captive  or  free-ranging  blue  crabs.  Furthermore,  we  know  very 
little  about  risk  factors  that  may  predispose  crabs  to  develop  dis- 
ease. 

Both  biotic  and  abiotic  factors  contribute  to  development  of  an 
infectious  disease  epidemic  (Noga  1988).  The  interrelationships 
between  these  factors  are  often  complex.  This  complexity  is  well- 
illustrated  by  the  shell  disease  syndrome,  a  very  common,  stress- 
related  disease.  The  following  discussion  focuses  on  shell  disease, 
because  it  is  probably  the  most  well  recognized  and  studied  syn- 
drome in  blue  crabs.  Insights  into  its  pathogenesis  may  provide 
information  that  can  be  used  to  assess  and  manage  the  health  of 
blue  crab  populations. 

Definition  of  Shell  Disease 

Shell  disease  is  one  of  the  most  coninion  problems  affecting 
freshwater  and  marine  crustaceans  (.Johnson    1983,  Sindermann 


1989).  It  has  been  reported  in  many  feral  populations  of  crusta- 
ceans (Sindermann  1989),  although  the  prevalence  has  usually 
been  very  low.  However,  high  prevalence  of  shell  disease  has  been 
associated  with  stressful  environments,  such  as  intensive  aquacul- 
ture  (Sindermann  1990,  Sahul  Hameed  1994),  impounded  popu- 
lations (Taylor  1948),  or  polluted  natural  environments  [e.g.,  the 
106-mile  dumpsite  of  the  New  York  Bight  (Young  and  Pearce 
1975.  Gopalan  and  Young  1975.  Sindermann  et  al.  19S9.  Sawyer 
1991).  Shell  disease  also  can  be  experimentally  induced  by  expo- 
sure of  crustaceans  to  sewage  sludge  (Young  and  Pearce  1975). 
Exposure  to  pesticides  (Weis  et  al.  1987)  or  heavy  metals  (Nimmo 
et  al.  1977)  also  produces  shell  disease-like  lesions,  suggesting  that 
this  syndrome  may  be  a  useful  biomarker  of  environmental  stress 
(Sindermann  1989.  Sindermann  1990). 

Crustacean  populations  having  shell  disease  can  suffer  consid- 
erable mortalities.  Fisher  et  al.  (1976)  found  a  mortality  rate  of 
71%  in  cultured  lobsters  with  shell  disease,  as  compared  to  only 
6%  in  unaffected  animals.  Thus,  shell  disease  might  reduce  the 
productivity  of  crustacean  populations.  Recent  shell  disease  epi- 
demics have  caused  considerable  concern  about  the  health  of  cer- 
tain blue  crab  populations  (McKennaet  al.  1988.  Raderet  al.  1987, 
Noga  et  al.  1994).  For  example,  chronic  low  levels  of  a  particularly 
severe  form  of  this  disease  have  been  suspected  of  being  somehow- 
related  to  a  progressive  decline  in  blue  crab  landings  in  the  Pam- 
lico River.  North  Carolina  in  the  1980s  (McKenna  et  al.  1988). 

Types  of  Shell  Disease  Lesions  in  Blue  Crabs 

Shell  disease  is  characterized  by  various  types  of  erosive  le- 
sions on  the  shell  (Johnson  1983.  Sindermann  and  Lightner  1988). 
The  classical  and  most  common  form  of  shell  disease  is  known  as 
"brown  spot"  or  "black  spot,"  which  consists  of  various  sized 
foci  of  hyperpigmentation.  which  may  become  somewhat  erosive 
(Rosen  1970)  (Fig.  2). 

In  recent  years,  a  more  severe  form  of  shell  disease  has  been 
observed,  with  erosive  lesions  that  extend  through  the  shell,  ex- 
posing soft  tissues  (Engel  and  Noga  1989).  Up  to  25%  of  the 
carapace  may  be  eroded  away.  These  severe  lesions,  which  have 
been  termed  "Pamlico  River  shell  disease"  (PRSD).  have  been 
observed  mainly  in  the  Albemarle-Pamlico  estuary.  However, 
grossly  similar  lesions  have  also  been  observed  in  crabs  from  the 
St.  Johns  River  (Florida),  Biscayne  Bay  (Florida),  and  Chesapeake 
Bay  estuaries,  as  well  as  the  Houston  (Freeport,  Texas)  Ship  Chan- 
nel (Noga  et  al.  1990a). 


Figurf  2.  "Black  spot"  lorm  ot  shell  disi-ase  on  the  ventral  carapace 
of  a  blue  crah. 
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Possible  Causes  of  Shell  Disease:  General  Considerations 

Despite  the  iinportanee  and  ubiquity  of  shell  disease,  its  patho- 
genesis has  been  uncertain.  However,  shell  disease  of  blue  erabs 
and  other  crustaceans  has  a  number  of  common  features.  First,  it 
has  an  infectious  component  associated  with  a  number  of  different 
microbes  that  can  cause  a  similar  clinical  syndrome.  Although  both 
fungi  and  bacteria  have  been  associated  with  shell  disease  in  vari- 
ous crustaceans  (Johnson  1983.  Sindermann  1989).  bacteria  have 
been  the  most  common  microbes  associated  with  shell  disease  in 
blue  crabs  (Overstreet  1978,  Rosen  1970.  Noga  et  al.  1994). 

Second,  the  great  majority  of  microbes  isolated  from  shell  dis- 
ease lesions  are  endemic  to  estuarine  waters  and.  thus,  are  consid- 
ered to  be  opportunistic  agents.  Third,  a  clinically  similar  syn- 
drome has  been  observed  in  a  number  of  crustacean  populations 
(e.g..  blue  crabs  from  the  Pamlico.  Neuse.  Alligator  Rivers.  North 
Carolina,  the  St.  Johns  River  and  Biscayne  Bay.  Florida,  and  from 
Freeport.  Texas;  and  lobsters  and  red  crabs  from  the  106-niile 
dunipsite.  New  Jersey).  Finally,  this  disease  is  typically  associated 
with  stressful  environmental  conditions  (e.g..  St.  Johns  River. 
Freeport.  and  the  106-mile  dumpsite). 

Possible  Causes  of  Shell  Disease:  Bacteria  as  a  Risk  Factor 

It  has  been  presumed  that  some  form  of  damage  to  or  weak- 
ening of  the  outer  carapace  (i.e.,  epicuticle),  such  as  mechanical 
trauma,  is  needed  for  development  of  shell  disease.  This  damage 
presumably  allows  the  colonization  of  shell-degrading  (i.e..  chiti- 
noclastic.  lipolytic)  bacteria  that  can  feed  on  the  deeper  layers  of 
the  shell.  However,  this  hypothesis  does  not  explain  several  as- 
pects of  shell  disease  pathogenesis. 

First  is  the  question  of  why  most  crabs  do  not  develop  severe 
shell  disease  simply  from  the  minor  mechanical  cuticular  damage 
associated  with  normal  daily  activity.  Then,  there  is  the  question  of 
which  particular  bacteria  are  actually  the  initiators  of  the  disease. 
Because  the  bacteria  associated  with  shell  disease  are  common  and 
ubiquitous  in  the  environment  (Johnson  1983,  Kaneko  and  Colwell 
1975).  the  apparent  risk  of  infection  is  very  high.  However,  in  blue 
crabs  from  the  Albemarle-Pamlico  Estuary,  high  densities  of  bac- 
teria are  present  not  only  on  shell  disease  lesions,  but  also  on 
clinically  normal  carapace  (Noga  et  al.  1990a,  Noga  et  al.  1994). 
Isolates  represent  many  taxa,  including  members  of  the  genera 
Vibrio,  Pseudomonas,  Aeromonas,  or  Pleisomonas  (Noga  et  al. 
1994,  McKenna  et  al.  1988).  No  single  bacterial  species  is  con- 
sistently the  predominant  organism  on  either  diseased  or  healthy 
carapace:  rather,  there  are  usually  many  different  bacteria  present 
simultaneously. 

The  lack  of  lesion-specific  bacterial  pathogens  also  relates  to 
the  presence  of  putative  pathogenic  markers.  Bacteria  isolated 
from  shell  disease  lesions  often  have  lipase  or  chitinase  enzymes 
(Cipriani  et  al.  1980,  Malloy  1978).  Lipolytic  bacteria  have  been 
suggested  as  the  cause  of  initial  damage  to  the  lipid-rich  epicuticle, 
subsequently  exposing  the  chitin-rich  procuticle  to  chitinoclastic 
bacteria  (Cipriani  et  al.  1980).  Once  again,  the  question  remains  as 
to  why  these  bacteria  rarely  attack  crabs  in  healthy  environments. 
In  blue  crabs  from  the  Albemarle-Pamlico  estuary,  the  prevalence 
of  lipase-  and/or  chitinase-positive  bacteria  are  similar  in  crabs 
collected  from  healthy  or  stressed  sites  (Noga  et  al.  1994). 

Finally,  there  is  the  question  of  the  frequent  difficulty  encoun- 


tered in  experimentally  reproducing  the  disease.  The  few  success- 
ful experimental  infections  usually  have  required  abrading  the  cu- 
ticle and/or  challenging  individuals  with  large  numbers  of  bacteria 
(Cipriani  et  al.  1980.  Malloy  1978.  Samul  Hameed  1994).  At  least 
three  genera  of  bacteria  can  produce  shell  disease  under  this  ex- 
perimental regime  (Cipriani  et  ul.  1980).  However,  challenging 
with  large  numbers  of  bacteria,  which  may  overwhelm  normal  host 
protective  mechanisms,  makes  the  true  meaning  of  the  results  open 
to  question. 

Possible  Causes  of  Shell  Disease:  Immunosuppression  as  a 
Risk  Factor 

The  previously  mentioned  observations  strongly  suggest  that 
environmental  conditions,  rather  than  the  presence  of  a  specific 
pathogen,  may  be  primarily  responsible  for  the  induction  and  de- 
velopment of  shell  disease.  The  above  findings  also  suggest  that 
certain  biochemical  and/or  immunological  changes  in  the  shell's 
composition  may  subject  it  to  attack  by  infectious  agents. 

This  suggested  that  antibacterial  compounds  must  be  present  in 
normal  crabs  and  that  disease  induction  is  a  function  of  reduced 
defenses  in  crabs  exposed  to  stressful  environments.  Crustaceans 
do  not  have  a  specific  immune  response  (i.e..  antibody  or  true 
lymphocytes),  and  thus  cannot  recognize  specific  pathogens  (Man- 
ning 1984,  Soderhall  and  Cerenius  1992).  Instead,  their  defensive 
responses  are  based  upon  broad-spectrum  antimicrobial  mecha- 
nisms, including  physical  barriers,  such  as  a  chemically  resistant 
shell  (Sparks  1985)  and  such  broad-spectrum  immunological  de- 
fenses as  phagocytosis,  encapsulation,  and  nonspecific  defensive 
molecules  (Fries  1984.  Adams  1991). 

Antibacterial  activity  has  been  identified  in  many  invertebrates, 
including  crustaceans  (Fries  1984.  Adams  1991).  and  potent,  an- 
tibacterial activity  exists  in  the  hemolymph  of  blue  crabs  (Noga  et 
al.  1994.  Noga  et  al.  1996a).  This  activity  is  mainly  attributable  to 
a  novel  peptide  antibiotic,  callinectin.  which  we  have  recently 
identified  (Khoo  et  al.  in  press).  This  antibiotic  activity  inhibits 
many  shell-dwelling  bacteria.  Hemolymph  is  equally  potent  in 
inhibiting  the  growth  of  bacteria  isolated  from  shell  disease  lesions 
and  clinically  normal  carapace  in  crabs  from  the  Albemarle- 
Pamlico  Estuary  (Noga  et  al.  1994). 

Hemolymph  antibacterial  activity  is  lowest  in  blue  crabs  with 
Pamlico  River  shell  disease  and  in  crabs  collected  from  the  areas 
with  the  highest  prevalence  of  PRSD.  (Noga  et  al.  1994).  These 
epidemiological  data  indirectly  suggest  that  hemolymph  antibac- 
terial activity  may  be  an  important  mechanism  for  defending 
against  at  least  some  forms  of  shell  disease  (e.g..  Pamlico  River 
shell  disease).  Invading  shell  disease  pathogens  are  clearly  ex- 
posed to  hemolymph  once  shell  integrity  has  been  breached  and 
lesions  reach  the  epithelium.  However,  even  intact  shell  might  be 
protected  by  hemolymph  activity.  The  crustacean  shell  consists  of 
an  outer  epicuticle  containing  lipid,  protein,  and  calcium  salts,  a 
middle  procuticle  consisting  mostly  of  chitin,  protein,  and  calcium 
salts  and  an  inner  epidermis  (Stevenson  1985).  The  carapace  is 
acellular  except  for  the  epidermis.  Intact  immune  cells  do  not 
inhabit  the  epicuticle  or  procuticle  (Stevenson  1985).  but  ducts  of 
the  tegumental  glands  extend  to  the  surface  of  the  cuticle,  which 
could  allow  the  transport  of  defensive  chemicals.  Small  molecular 
weight  compounds  in  the  hemolymph  are  readily  transported  into 
the  shell  (Noga  et  al.  1994.  Noga  and  Nasisse,  unpublished  data), 
suggesting  that  substances  may  be  rapidly  transported  into  the 
shell  from  the  hemolymph. 
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Possible  Causes  of  Shell  Disease:  Sources  of  Immunosuppression 

The  oligohaline  portion  of  the  Albemarle-Pamlico  estuary  has 
the  highest  prevalence  of  PRSD  and  lowest  hemolymph  antibac- 
terial activity  in  blue  crabs  (Noga  et  al.  1994).  A  number  of  risk- 
factor  scenarios  might  explain  the  lower  immunocompetence  in 
blue  crabs  from  the  low  salinity  areas  of  the  Albemarle-Pamlico 
estuary.  Blue  crabs  in  the  riverine  areas  may  normally  have  lower 
antibacterial  activity  because  of  presently  unknown  physiological 
changes  that  are  associated  with  adaptation  to  this  particular  en- 
vironment. For  example,  the  naturally  large  tluctuations  of  many 
factors  (salinity,  etc.)  in  the  riverine  ecosystems  may  cause  a  re- 
duction in  immunocompetence.  Nutritional  differences  attributable 
to  prey  abundance  or  other  factors  may  be  important.  Fisher  et  al. 
(1976)  and  Prince  et  al.  (1995)  found  that  inadequate  nutrition 
caused  shell  disease  in  cultured  lobsters  (Homcirus  amerkanus) 
and  Stewart  et  al.  (1967)  found  that  inadequate  nutrition  caused  a 
reduction  in  hemocyte  numbers  in  lobsters.  Most,  if  not  all,  of  the 
blue  crab  antibacterial  activity  resides  in  the  hemoeytes,  not  the 
plasma  (Noga  et  al.  1996a)  and  hemocyte  numbers  are  also  de- 
pressed in  Pamlico  River  blue  crabs  (Engel  et  al.  1993). 

One  very  pressing  question  is  whether  the  differences  in  im- 
munocompetence of  blue  crabs  from  different  areas  of  the  Albe- 
marle-Pamlico Estuary  might  be  attributable  to  pollution.  The  most 
immunosuppressed  crabs  come  from  the  most  landward  sites,  as 
illustrated  by  a  gradient  of  decreasing  antibacterial  activity  from 
the  oceanic  to  the  riverine  areas  (Noga  et  al.  1994).  Pollution  may 
have  the  most  severe  impact  on  riverine  ecosystems,  because  they 
are  closest  to  the  initial  discharge  of  many  substances.  Many  water 
quality  problems,  including  hypoxia,  increased  turbidity,  heavy 
metal  contamination,  and  toxic  algae  have  been  identified  in  these 
low  salinity  areas  (Rader  et  al.  1987,  Noga  1993).  The  riverine 
areas  of  the  Albemarle-Pamlico  Estuary  have  been  plagued  not 
only  by  a  high  prevalence  of  Pamlico  River  shell  disease  but  also 
fish  disease  epidemics  that  have  been  associated  with  opportunistic 
microbial  infections  (Noga  1993,  Levine  et  al.  1990).  We  have 
found  that  similar  ulcerative  lesions  can  be  induced  by  sublethal 
exposure  to  a  toxic  dinoflagellate  Pfiesteiia  pisckida  (Noga  et  al. 
1996b)  (Fig.  3).  However,  if  low  salinity  or  some  other  '"naturar" 
stress  was  found  to  affect  immunocompetence,  it  would  not  elimi- 


Kigurc  3.  Male  Hop)  and  female  (botl<mi)  yameles  of  tlie  toxin- 
producing  dinoflagellate  Pfiesteria  piscicida.  Bar  =  M)  jmi  (plioto  cour- 
tesy of  C.  Hobbs). 


nate  these  immune  indicators  as  useful  biomarkers.  but  it  would 
necessitate  that  appropriate  references,  such  as  unstressed  control 
sites  of  a  similar  salinity,  be  used  for  comparison.  It  is  important 
to  realize  that  the  prevalence  and  severity  of  most  pollution-related 
diseases  are  probably  influenced  by  natural  environmental  condi- 
tions, which  points  out  the  need  for  basic  research  to  validate  these 
biomarkers. 

FUTURE  DIRECTIONS  IN  MANAGEMENT  OF  DISEASES  IN 
CAPTIVE  AND  FISHERY  POPULATIONS 

Developmeiil  of  Improved  Expertise  and  Methodology  in  Diagnosing 
Blue  Crab  Diseases 

To  assess  the  impact  of  disease  on  populations,  we  must  de- 
termine the  infectious  agents,  if  any,  that  are  associated  with  the 
disease  (Noga  1988).  In  some  cases,  such  as  for  the  viral  diseases, 
we  cannot  even  begin  to  assess  their  possible  impacts  on  blue  crabs 
until  we  develop  better  tools  for  studying  these  agents.  To  manage 
the  blue  crab  fishery  successfully,  there  also  must  be  a  more  thor- 
ough understanding  of  the  impact  of  stress  on  blue  crabs.  To 
manage  disease  in  captive  or  fishery  populations,  we  must  under- 
stand pathogenesis  beyond  the  vague  notion  that  diseases  are 
caused  by  stress,  and  we  must  also  have  a  better  understanding  of 
how  to  prevent  disease  outbreaks. 

Development  of  Rapid,  Accurate  Ways  To  Measure  Stress 

There  has  long  been  a  need  for  biomarkers  that  are  useful 
indicators  of  aquatic  animal  health  (Green  1984,  Giam  et  al.  1987, 
Huggett  1990,  Malins  and  Ostrander  1994,  Dwyer  et  al.  1997), 
especially  those  that  can  identify  sublethal  changes  in  ecological 
systems  that  may  be  predictors  of  deleterious  effects  (Capuzzo  et 
al.  1988).  In  this  way.  problems  may  be  abrogated  before  serious 
damage  occurs.  Although  many  types  of  physiological  and  bio- 
chemical tests,  such  as  enzyme  levels  and  clinical  pathology 
changes,  have  been  measured  in  natural  aquatic  populations  (Neff 
1985.  Couch  1988.  Hinton  1994).  the  significance  of  these  changes 
to  the  health  or  survival  of  the  population  at  risk  is  often  unclear 
(Mehrle  and  Mayer  1985).  In  this  regard,  immunological  biomar- 
kers. such  as  hemolymph  antibiotic  activity,  are  attractive,  because 
they  are  intuitively  critical  in  protecting  against  disease,  and  de- 
pressed levels  would  be  expected  to  result  in  serious  and,  possibly, 
life-threatening  consequences. 

Demonstrating  that  hemolymph  antibacterial  activity  or  similar 
biomarkers  of  health  change  prior  to  clinically  evident  disease  may 
allow  the  development  of  diagnostic  tests  for  determining  when 
crab  populations  are  stressed,  but  do  not  show  obvious  signs  of 
disease.  The  recent  isolation  of  the  antibiotic  mainly  responsible 
for  the  hemolymph  antibacterial  activity  in  blue  crab  (Khoo  et  al. 
in  press)  may  facilitate  the  development  of  rapid  field  tests,  such 
as  ELISA  (enzyme-linked  immunosorbent  assay)  to  assess  health 
in  the  field  easily.  As  mentioned  previously,  such  methods  could 
allow  the  identification  and  testing  of  water  quality  conditions  that 
predispose  to  disease.  This  information  also  could  aid  in  control- 
ling disease  outbreaks  in  crab-shedding  operations. 

The  data  we  have  presented  suggest  that  environmental  stress, 
probably  by  modifying  immune  function,  affects  the  risk  of  ac- 
quiring many  types  of  blue  crab  diseases,  including  certain  types  of 
shell  disease.  Shell  di.sease  could  very  well  be  induced  by  the 
indirect  effects  of  stress  from  exposure  to  pollution-altered  envi- 
ronments. Pollutants  such  as  cadmium,  fluoride,  and  insecticides 
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(e.g.,  Dimilin),  can  affect  the  development  or  composition  of  the 
carapace  (Arey  1979,  McKenna  et  al.  1988,  Cunningham  1976, 
Christiansen  and  Costlow  1982).  Although  these  pollutants  affect 
crustacean  health  in  the  laboratory',  these  studies  cannot  be  directly 
extrapolated  to  natural  conditions,  because  crustacean  habitats 
(near-coastal  ecosystems)  are  affected  by  a  complex  array  of  natu- 
ral and  anthropogenic  stressors.  Among  these  stressors  are  surface 
and  ground  water  discharges,  atmospheric  deposition,  nonpoint 
runoff,  and  various  land  use  activities  (Summers  et  al.  1997).  If  we 
are  to  determine  stress  effects  on  a  crustacean  population,  a  "com- 
prehensive" biomarker  is  required;  that  is,  one  that  will  signal  any 
form  of  extraneous  stress  on  the  system  before  the  organism  is 
totally  overtaken  by  this  stress.  Conventional  methods  lack  the 
sensitivity  to  evaluate  this  type  of  stress  (Adams  1990).  Conse- 
quently, new  technical  approaches,  such  as  the  ones  which  we 
have  discussed  in  this  review,  are  needed. 
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ABSTRACT  Blue  crahs,  Cullinectes  saiMchis.  are  an  estuarine  and  coastal  species  subject  to  a  wide  range  of  environmental  condi- 
tions. Their  survival,  growth,  reproduction,  and  abundance  are  influenced  by  both  natural  processes  and  events  and  by  human  activities. 
How  such  activities  might  affect  the  survival  and  abundance  of  blue  crabs  is  the  focus  of  this  discussion.  Because  the  life  cycles  and 
growth  of  blue  crabs  and  other  crustaceans  are  relatively  complex,  they  are  vulnerable  to  chemical  and  physical  alterations  to  their 
habitat  in  different  ways  during  their  life.  Not  only  are  insults  to  the  different  life  stages  important,  but  negative  impacts  to  the  food 
webs  that  support  them  may  also  be  damaging.  When  dealing  with  human-induced  alterations  to  the  environment,  we  often  become 
preoccupied  with  the  introduction  of  toxic  chemicals  and  pesticides  and  their  effects  on  individual  organisms,  and  overlook  less 
emotionally  charged  but  more  widespread  threats,  such  as  nutrient  loadmg.  alterations  of  freshwater  inflow ,  and  physical  destruction 
of  e.stuarine  and  coastal  habitat.  Increasing  human  population  densities  and  development  near  the  Atlantic  and  Gulf  of  Mexico  coasts 
may  pose  the  greatest  threat  to  blue  crab  populations  through  alterations  of  upland  watersheds  with  increased  runoff,  erosion,  and 
turbidity,  and  increased  nonpoint-source  runoff  of  chemicals  and  nutrients.  Unless  these  activities  are  adequately  controlled,  the 
degradation  of  coastal  habitat  necessary  for  the  survival  and  growth  of  blue  crab  populations  will  grow. 
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INTRODUCTION 

Human  popiilatioti  densities  are  increasing  in  coastal  areas  of 
the  U.S.,  and  by  the  year  2000  over  50%  of  the  population  will  be 
living  in  the  coastal  zone  (Chambers  1992),  With  these  demo- 
graphic changes  comes  the  likelihood  that  human-associated  im- 
pacts on  fisheries  will  increase  (Hoss  and  Thayer  1993.  Hoss  and 
Engel  1997),  Such  changes  already  have  led  to  the  destruction  of 
marsh  and  seagrass  beds  and  degraded  water  quality  through  real 
estate  development,  boat  usage,  dredge/fill  operations,  and  alter- 
ations of  freshwater  intlow  (Thayer  et  al.  1996).  and  there  is  a 
potential  for  increasing  impacts.  As  sewage  treatment  facilities 
increase  in  number  to  handle  the  population,  nonpoint-source  run- 
off with  its  attendant  nutrient  loading  to  estuarine  systems  will 
increase.  A  recent  Director  of  the  National  Marine  Fisheries  Ser- 
vice has  stated  that  nearshore  ocean  and  estuarine  habitat  losses  are 
the  greatest  threats  to  marine  fisheries  productivity  (Fox  1992). 

Habitat  alteration  and  how  it  might  affect  fisheries  productivity, 
in  particular,  blue  crabs,  CalUnectes  sapidus,  is  a  complex  issue 
that  can  be  directly  related  to  human  activity  (Fig.  1 ),  As  shown  in 
this  summary  figure,  impacts  can  impinge  directly  upon  blue  crabs 
or  their  habitat  or  both.  They  can,  therefore,  affect  all  the  life 
history  stages  of  the  crab.  We  will  consider  habitat  alteration  in 
two  contexts.  First  are  combinations  of  processes  that  directly 
cause  measurable  effects  on  specific  habitat  types  or  groups  of 
habitats  to  affect  blue  crabs  in  the  short-term  (Habitat  column.  Fig, 
1),  Second,  and  probably  more  relevant,  are  indirect  processes  that 
subtly  alter  the  structure  or  function  of  an  estuarine  system  in  ways 
that  reduce  its  long-term  effectiveness  as  juvenile  nursery  grounds 
and  adult  habitat  for  blue  crabs  (Fig,  1),  The  processes  involved 
may  involve  acute  or  chronic  chemical  toxicity  (pesticides  or  other 
toxic  chemical  contaminants),  abrupt  salinity  changes,  eutrophica- 
tion  and  associated  hypoxia,  or  physical  habitat  destruction  (e.g,. 
filling  of  marshes,  oil  and  gas  operations,  or  boat  prop  scarring  of 
seagrass  beds).  In  trying  to  conserve  and  maintain  fisheries  habitat. 
managers  are  faced  with  the  fact  that  all  of  the  above  may  be  acting 


in  concert  to  affect  estuarine  and  coastal  habitat  quality  negatively. 
Since  this  symposium  is  concerned  with  the  blue  crab,  CalUnectes 
sapidus.  we  restrict  our  remarks  to  fishery  habitats  utilized  by  this 
species  of  crabs  on  the  Atlantic  and  Gulf  of  Mexico  coasts  of  the 
United  States. 

CHEMICAL  IMPACTS 

Toxicity  to  fishery  populations  from  both  organic  and  inorganic 
contaminants  (e.g.,  shown  in  Fig.  1  as  arrows  either  acting  directly 
on  life  history  stages  or  through  habitat  damage)  continue  to  be  a 
concern  to  environmental  managers,  particularly  to  the  health  and 
stability  of  blue  crab  population  within  its  range  along  the  Atlantic 
and  Gulf  of  Mexico  coasts.  One  indication  that  contaminants  are  a 
concern  to  fisheries  is  U,S,  Environmental  Protection  Agency,  Fish 
Consumption  Advisories  that  are  published  for  a  wide  variety  of 
species  (USEPA  1994),  Advisories  involving  the  consumption  of 
blue  crabs  and  other  crustacean  shellfish  issued  for  the  Atlantic 
and  Gulf  coasts  are  shown  in  Figure  2.  A  majority  of  the  advisories 
are  in  the  New  Jersey-New  York,  Hudson  River,  Raritan  Bay  area. 
Another  "hotspot"  is  in  the  western  Gulf  of  Mexico,  Although  the 
advisories  indicate  that  the  crabs  are  accumulating  significant  con- 
centrations of  both  organic  and  inorganic  contaminants  at  some 
locations,  they  also  show  that  contamination  is  not  widespread, 
with  most  of  the  region  free  of  advisories.  In  all  cases,  the  advi- 
sories reflect  concerns  for  human  health,  not  the  health  or  survival 
of  individual  blue  crabs  or  coastal  blue  crab  populations. 

Investigations  of  the  toxicity  of  pesticides  have  concentrated  on 
acute  effects  of  single  chemicals  generally  on  single  species  of 
aquatic  organisms,  A  partial  listing  of  organochlorine  and  organo- 
phosphorus  compounds  commonly  inonitored  in  coastal  environ- 
ments is  presented  in  Table  I .  Most  organochlorine  pesticides  are 
no  longer  used  routinely,  but  are  still  measurable  in  sediments 
along  the  Atlantic  and  Gulf  of  Mexico  coasts  (NOAA/Status  and 
Trends  Program  and  USEPA/EMAP),  Pesticides  now  in  use  are 
generally  short-lived,  organophosphorus  types,  that  act  quickly, 
and  are  difficult  to  detect  in  the  marine  environment  shortly  after 
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Figure  1.  A  schematic  diagram  depicting  the  interactions  between  the  life  history  of  the  blue  crab,  estuarine  and  coastal  habitat,  and  potential 
impactors  of  both  the  habitats  and  the  crabs  themselves.  For  the  purposes  of  this  discussion,  our  emphasis  is  on  the  estuarine  portion  of  the 
diagram.  (Modified  from  Hoss  and  Thayer  1993.1 


application,  even  if  they  do  cause  observable  toxic  effects.  A  case 
in  point  is  the  toxicity  of  azinphosmethyl  to  aquatic  organisms  in 
a  South  Carohna  estuary  (Chandler  et  al.  1994).  Runoff  from  a 
large  agricultural  operation  caused  significant  mortality  among 
juvenile  fish  and  shrimp  in  a  tidal  creek,  but  pesticide  residues 
were  at  or  below  detection  limits  in  the  water  within  24  hours  of 
the  incident.  Thus,  most  of  the  current  generation  of  pesticides  do 
not  leave  as  persistent  a  residue  fingerprint  in  the  sediments  as  did 
the  chlorinated  compounds.  The  insecticide,  ditlubenzuron  (Dimil- 
in"),  which  mimics  the  juvenile  arthropod  growth  honnone,  has 
been  studied  in  detail  with  respect  to  effects  on  juvenile  estuarine 
crustaceans,  including  blue  crabs,  because  it  blocks  chitin  synthe- 
sis (Christiansen  et  al.  1978).  More  specifically,  studies  have  dem- 
onstrated that  the  toxicological  mechanism  of  action  for  ditluben- 
zuron is  through  blocking  the  incorporation  of  N-acetylglucos- 
amine  into  chitin  (Horst  and  Walker  1995).  Much  of  the  early 
research  on  this  compound  was  done  by  Costlow  and  colleagues 
(Forward  and  Costlow  1976,  Forward  and  Costlow  1978,  Chris- 
tiansen et  al.  1978,  Costlow  1979,  Wilson  et  al.  1985).  They  dem- 
onstrated that  diflubenzuron  was  a  threat  to  juvenile  crustaceans, 
because  it  effectively  stopped  the  molting  process.  This  finding 
was  important  because  diflubenzuron  was  proposed  for  use  to 
control  salt  marsh  mosquitos,  and  those  same  marshes  are  the 
prime  nursery  habitat  for  many  juvenile  crustaceans.  Currently, 
however,  ditlubenzuron  is  being  used  to  control  the  gypsy  moth  in 
portions  of  Delaware.  Maryland.  Virginia,  and  Pennsylvania,  and 
has  been  measured  in  "toxic"  concentrations  in  coastal  streams  in 
these  states  following  rain  (Rebach  and  French  1996). 

Other  investigations  have  shown  that  several  pesticides.  PAHs. 
and  inetals  can  be  accumulated  by  blue  crabs,  and  cause  significant 
mortalities  in  laboratory  tests.  Direct  correlations  between  body 
burden  and  toxicity  for  a  wide  range  of  contaminants  is  not  as 
clearcut  in  field  situations.  Realistically,  however,  we  rarely  deal 
with  single  contaminants  or  stable  environmental  conditions.  Hs- 
tuarine  organisms  can  be  exposed  to  complex  mixtures  of  orgariic 


compounds  and  metals  that  may  be  highly  variable  in  a  dynamic 
environment.  This  high  degree  of  variability  makes  separating  real 
toxic  effects  from  natural  variability  extremely  difficult. 

For  a  number  of  years,  there  was  an  advisory  on  cadmium  in 
blue  crabs  in  the  Hudson  River  because  of  serious  cadmium  con- 
tamination at  Foundry  Cove,  NY.  Cadmium  was  accumulated  to 
high  levels  in  the  digestive  glands  of  blue  crabs,  both  in  Foundry 
Cove/Hudson  River  and  in  laboratory  experiments  (Wiedow  1981, 
Engel  1983,  Engel  and  Brouwer  1984).  but  was  not  concentrated  in 
the  edible  muscle  tissue  (Table  2).  Hale  (1988)  demonstrated  a 
similar  pattern  in  blue  crabs  from  southern  Chesapeake  Bay.  where 
PACs  (polycyclic  aromatic  compounds  I  were  most  concentrated  in 
the  digestive  gland  and  positively  correlated  with  the  lipid  content 
of  the  tissue.  Measurements  of  cadmium,  copper,  and  zinc  con- 
centrations in  Norway  and  American  lobsters  (Ray  and  White 
1981,  Cooper  et  al.  1991,  Canli  and  Furness  199.^)  follow  the  same 
relationship,  with  the  majority  of  the  metals  in  the  digestive  gland. 
In  addition,  when  blue  crabs  molt,  they  depurate  a  significant 
amount  of  the  transition  metals  in  the  digestive  gland  (Engel  and 
Brouwer  1991 ).  It  is  not  known,  however,  whether  methyl  mercury 
or  organic  contaminants  in  the  muscle  are  depurated. 

Among  the  transition  metals,  mercury  in  both  the  methylated 
and  inorganic  form  has  received  most  attention,  primarily  because 
of  concerns  for  human  health.  Methyl  mercury  (MeHg)  accumu- 
lates more  rapidly  and  bioconcentrates  to  higher  levels  than  inor- 
ganic mercury  (Hg)  in  Norway  lobster  (Canli  and  Furness  1993), 
and  the  ratio  of  Hg/MeHg  favored  inorganic  mercury  in  the  di- 
gestive gland  and  the  methyl  mercury  in  muscle.  We  have  ob- 
served a  similar  pattern  among  blue  crabs  collected  from  a  mer- 
cury contaminated  portion  of  an  estuary  at  Point  Comfort.  Lavaca 
Bay.  Texas  (Evans  and  Engel  1994,  Kathman,  personal  coniniu- 
nication). 

On  the  Atlantic  and  Gulf  coasts  there  are  two  fish  consumption 
advisories  for  mercury  in  blue  crabs:  Point  Comfort.  Lavaca  Bay, 
Texas  and  Brunswick,  Georgia.  Both  are  Superfund  sites  where  the 
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Figure  2.  A  map  of  the  Atlantic  and  Gulf  of  Mexico  coastal  states  showing  the  relative  locations  of  fish  consumption  advisories  that  have  been 
issued  which  are  related  to  blue  crabs.  (Information  taken  from  E.P.A.  Fish  Consumption  Advisories.  1994.) 


sources  of  the  mercury  were  chlor-alkali  plants.  At  the  Lavaca  Bay 
site,  contaniinution  has  persisted  in  blue  crabs  since  the  plant  was 
closed  down  in  the  early  1970s  (Evans  and  Engel  1994).  The 
issuance  of  the  advisory  in  Lavaca  Bay  was  prompted  by  concerns 
over  human  health,  because  tissue  concentrations  of  methyl  mer- 
cury in  some  cases  exceeded  the  U.S.F.D.A.  guidelines  of  1.0  ppm 
in  edible  tissue.  Again,  the  concern  is  for  human  health  and  not  for 
populations  of  blue  crabs.  From  the  available  data,  there  does  not 
seem  to  be  any  measurable  effect  of  mercury  on  blue  crab  recruit- 
ment, survival,  and  reproduction  within  the  affected  area  of  the 
Bay. 

In  the  real  world,  an  aquatic  organism  is  rarely,  if  ever,  exposed 
to  only  a  single  contaminant  or  natural  environmental  stressor.  To 

TABLE  1. 

A  partial  listing  of  organochlorine  pesticides  and 

organophosphorous  pesticides  formerly  and  currently  used  in  the 

United  States.  From  Daskalakis  and  O'Connor  1994;  Pait  et 

al.  1992. 


Organochlorine  Pesticides 


Organophosphorus  Pesticides 


Aldrin 

Chlordane 

DDD.  DDE 

Dieldrin 

Endosulfan 

Endrin 

Heptachlor 

Isodrin 

Kepone 

Lindane 

Methoxychlor 

Toxaphene 


DDT 


Azinphosmethyl 

Carbaryl 

Carbofuran 

Chlorpyrifos 

Diazinon 

Disulfoton 

Endosulfan 

Ethoprop 

Fenvalerate 

Maiathion 

Methylparathion 

Parathion 

Permethrin 

Terbufos 

Dimilin" 


determine  if  there  was  a  relationship  between  levels  of  organic 
contaminants  and  pesticides  in  the  environment  and  a  quantifiable 
physiological  endpoint  in  blue  crabs,  we  measured  heniocyanin 
concentrations  in  the  hemolymph  of  animals  collected  from  two 
contaminant  gradients:  Galveston  Bay.  TX  at  the  Houston  Ship 
Channel  and  Tampa  Bay,  PL.  Concentrations  of  hemocyanin  in  the 
hemolymph  of  crabs  collected  along  the  contamination  gradients  at 
both  sites  varied  inversely  with  the  degree  of  organic  contamina- 
tion (Fig.  3)  (Engel  et  al.  1993).  Among  the  crabs  collected  in 
Tampa  Bay.  there  also  was  a  negative  correlation  between  copper, 
DDT.  and  PCB  concentrations  in  the  hepatopancreas  and 
hemocyanin  concentrations  in  the  hemolymph.  Evidence  sug- 
gested that  exposure  to  organic  contaminants  at  both  the  Houston 
Ship  Channel  and  Tampa  Bay  caused  a  reduction  in  the  concen- 
trations of  hemocyanin.  At  this  point,  we  can  only  speculate  as  to 
the  mechanisms  involved.  One  proposed  mechanism  involves  the 
disruption  of  normal  copper  metabolism  by  radicals  produced  in 
the  metabolism  of  DDT  and  PCB  (Engel  et  al.  1993).  In  the  Hous- 

TABLE  2. 

Concentrations  of  metals  in  the  tissues  of  blue  crabs,  CalUnectes 
sapidus.  collected  in  North  Carolina  and  New  York. 


Digestive  (iland 

Muscle 

Locations 

Cd 

Cu 

Zn 

Cd 

Cu 

Zn 

Beaufort, 

NC 

1.0 

7.8 

36.0 

ND 

5.0 

59.0 

±0.28 

-H2.1 

±8.6 

±0.6 

±5.6 

Foundry  cove. 

NY 

21.0 

64.0 

.39.0 

ND 

22.0 

46.0 

±9.0 

±12.0 

±4.0 

±4.0 

±11.0 

Haverstraw 

Bay,  NY 

10.0 

246.0 

40.0 

ND 

18.0 

47.0 

±1.8 

±76.0 

±4.0 

±5.0 

±10.0 

'  Juvenile  insect  hormone  mimic,  not  an  organophosphorus  pesticide. 


(n  =  5  and  metal  concentrations  in  (xg/gm  wet  weight).  ND:  not  detected. 
Modified  from  Engel  and  Brouwer  1984. 
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Figure  3.  Relationships  between  different  locations  in  contaminant  gradients  in  the  Houston  Ship  Channel.  Texas  (A.)  and  Tampa  Bay,  Florida 
(B.)  and  blue  crab  hemolymph  hemocyanin  concentrations.  In  the  Houston  Ship  Channel  and  Tampa  Bay,  the  most  contaminated  sites  were 
Green  Bayou  and  North  Hillsboro  Bay.  Concentrations  of  copper,  DDT,  and  PCB  in  the  hepatopancreases  of  Tampa  Bay  blue  crabs  are  also 
shown  (concentrations  are  all  on  a  wet  weight  basis).  (Modified  from  Engel  et  al.  1993). 


ton  Ship  Channel  samples,  the  correlation  was  between  the 
hemocyanin  concentration  in  the  hemolymph  and  sediment  con- 
centrations of  a  complex  mixture  of  organic  contaminants.  Similar 
relationships  have  been  seen  in  hemolymph  from  American  lob- 
sters taken  from  Boston  Harbor,  MA,  and  Casco  Bay.  ME  (Engel, 
D.  W.,  unpublished  data). 

Although  we  have  been  able  to  show  significant  effects  of 
organic  and  inorganic  contaminants  on  blue  crab  and  crustacean 
development  and  survival  in  the  laboratory,  there  is  little  compel- 
ling evidence  that  contaminants  at  environmental  concentrations 
and  in  mixtures  have  had  direct  effects  on  blue  crabs  and  other 
fishery  populations.  In  our  opinion,  we  tend  to  be  enamored  by  the 
more  high-profile  chemical  stressors,  and  tend  to  forget,  or  ignore 
other  sources  of  habitat  alteration.  Some  of  the  most  significant 
impactors  of  fishery  populations  m  estuarine  systems  are:  com- 
mercial and  recreational  fishing,  physical  habitat  degradation,  and 
eutrophication  (Hoss  and  Thayer  1993,  Hoss  and  Engel  1997). 
Other  authors  discuss  the  effects  of  fishing  in  detail,  as  part  of  this 
Symposium.  Physical  habitat  alteration  and  eutrophication.  how- 
ever, can  have  large  impacts  on  fishery  populations  through  re- 
ductions in  the  quality  and  quantity  of  habitat.  In  the  case  of  the 
blue  crab,  this  is  a  complex  issue,  because  habitat  requirements 
change  at  different  points  in  the  life  cycle. 

HABITAT  IMPACTS 

The  habitat  requirements  of  blue  crabs  are  varied  and  range 
from  high-sLilinity  environments  along  the  coast  to  low-salinity 
conditions  in  the  near  riverine  portions  of  the  estuary,  and  from 
oyster  bars  and  sand  bottoms  to  vegetated  habitats  such  as  salt 
marshes  and  seagrass  beds  (Fig.  1).  High-salinity  coastal  habitats 
are  required  for  development  of  the  eggs,  hatching,  and  the  early 
zoeal  stages  of  development.  They  tend  to  be  less  impacted  by 
human  activity  than  estuarine  areas,  because  they  normally  are 
remote,  and  the  dilution  factor  is  large.  As  crab  larvae  develop 
through  the  zoeal  stages  into  megalopa,  they  become  more  dem- 
ersal and  move  into  required  nursery  habitat  in  estuaries.  It  has 


been  demonstrated  convincingly  that  juvenile  blue  crabs  have  su- 
perior growth  and  survival  when  seagrass  habitat  is  available 
(Heck  and  Thoman  1982,  Orth  and  van  Montfrans  1987.  Orthand 
van  Montfrans  1990.  Ryer  et  al.  1990,  Thomas  et  al.  1990).  For- 
ward et  al.  (1994,  1996)  showed  that  seagrasses  and  substances 
derived  from  seagrasses  provide  important  cues  for  megalopa 
transported  into  the  estuary  to  metamorphose  into  the  first  crab 
stage.  These  studies  indicated  that  emergent  salt  marsh  vegetion 
{Spartina  alternafloni)  functions  in  a  similar  manner  during  the 
recniitment  of  juvenile  blue  crabs.  Marshes  were  particularly  im- 
portant to  blue  crab  recruitment  in  the  northwestern  Gulf  of 
Mexico,  where  seagrass  habitat  occurs  infrequently  (Thomas  et  al. 
1990).  So,  if  preferred  habitat  is  limiting,  it  is  conceivable  that 
physical  destruction  of  nursery  habitat  could  have  serious  conse- 
quences on  the  recruitment  of  juvenile  crabs.  Also,  there  is  a  high 
probability  that  once  marsh  or  seagrass  habitat  is  destroyed  physi- 
cally by  filling  or  a  removal,  natural  recovery  will  be  a  slow,  if  at 
all. 

The  impacts  of  nutrient  loading  or  eutrophication  on  habitat 
quantity  and  quality  can  be  very  direct,  but  also  can  be  subtle. 
Direct  effects  of  eutrophication  can  be  quite  vivid  with  massive 
algal  blooms  with  creation  of  hypoxic  conditions.  The  resulting 
fish  and  crab  kills  can  be  caused  by  low  dissolved  oxygen  or  to 
large  blooms  of  noxious  dinotlagellates.  which  can  cause  mortali- 
ties because  of  their  toxins.  Such  effects  are  well  documented  both 
in  the  scientific  literature  and  by  the  press.  More  subtle  effects. 
such  as  increased  turbidity  caused  by  increased  algal  growth,  can 
have  serious  consequences  on  the  survival  of  seagrass  beds.  Sea- 
gras.ses  are  dependent  upon  adequate  transmitted  light  for  survival 
(Kenvvorthy  and  Haunert  1991 ).  One  of  the  possible  causes  for  the 
loss  of  seagrass  from  Chesapeake  Bay  may  have  been  the  increase 
in  turbidity  in  the  bay  caused  by  increased  inputs  of  nutrients  and 
suspended  sediments  from  increased  storm  water  nmoff.  Because 
the  need  for  seagrass  as  nursery  habitat  during  the  juvenile  recruit- 
ment of  blue  crab  is  considered  to  be  important,  its  loss  could  have 
long-term  effects  on  estuanne  blue  crab  populations,  particularly 
because  natural  recovery  of  such  systems  is  slow.  A  correlation  has 
been  noted  between  the  loss  of  submeraed  vegetated  habitat  and 
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the  percei\'L'J  dcL'liiiL'  In  tin.'  hluo  Lfab  fishery  in  the  h;w  (Sehaet'er 
1993). 

hi  coastal  eeoss  stems,  crabs  aie  generally  exposed  to  ciMiihi- 
nalions  ot  em  ironiiieiual  stresses  that  include  both  chemical  con- 
taminants and  nutrients,  which  makes  prediction  or  evaluation  ol 
bioeffects  very  difficult.  In  a  coastal  river  in  North  Carolina  (Pam- 
lico River)  there  have  been  incidences  of  shell  disease  in  the  blue 
crab  population  that  were  thought  to  be  related  to  a  phosphate 
mining  and  processing  operation  on  the  river.  In  a  study  of  these 
blue  crabs,  it  was  hypothesized  that  the  observed  pathological 
conditions,  agressive  shell  degeneration,  and  apparent  immuno- 
logical suppression,  and  generalized  negative  physiological 
changes  were  related  to  environmental  quality  (Engel  and  Noga 
1989,  Engel  et  al.  199.3,  Noga  et  al.  1994).  This  particular  form  of 
shell  disease  was  extremely  aggressive  and  resulted  in  large  holes 
in  the  dorsal-lateral  portions  of  the  carapace,  but  no  clear  cause  and 
effect  relationship  could  be  drawn  (e.g.,  similar  diseased  crabs  had 
been  seen  and  collected  in  the  St.  Johns  River,  FL,  Biscay ne  Bay. 
FL.  and  Freeport,  TX).  E.xamination  of  hemolymph  samples  from 
both  healthy  and  diseased  crabs  from  the  same  general  area  of  the 
Pamlico  River  showed  low  hemocyanin  concentrations.  The  low 
hemocyanin  concentrations  correlated  well  with  low  dissohed 
oxygen  concentrations  in  the  river,  which  correlated,  in  turn,  with 
nutrient  loading  (Fig.  4).  There  also  was  strong  relationship  be- 
tween low  hemocyanin  concentrations  in  the  hemolymph  of  those 
crabs  and  reduced  immunocompetence  (Noga  et  al.  1994).  It  is  our 
hypothesis  that  the  disease  could  result  from  a  combination  of 
stressors  that  lowered  the  crabs'  resistance  to  endemic  bacterial 
organisms,  so  that  minor  traumas  could  not  be  effectively  repaired, 
resulting  in  a  lesion. 

The  strategies  being  used  to  correct  damage  done  to  estuarine 
habitat  b\  human  acti\  ities  include  the  upgrading  of  sewage  treat- 
ment facilities,  reduction  of  nonpoint-source  runoff,  and  restora- 
tion of  areas  that  have  lo.st  marsh  or  seagrass  habitat.  Technical 
procedures  used  to  improve  water  quality  by  reducing  nutrient 
loading  are  relatively  .straightforward,  but  implementation  is  com- 
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Figure  4.  Relationships  between  temperature,  dissolved  oxygen,  and 
hemolymph  hemocyanin  concentrations  from  blue  crabs  collected  in 
the  Pamlico  River  at  .South  Creek  as  a  function  time  of  year  (En^el  et 
al.  1993). 
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Figure  5.  Utilization  of  natural  and  created  Spartina  alterniflora 
marsh  at  Swansboro,  North  Carolina  by  blue  crabs  (number  of  crabs/ 
m")  as  a  function  of  lime  of  year.  Data  were  supplied  by  the  NMFS, 
Beaufort  Laboratory  (Meyer  et  al.  1996).*  =  significantly  different  at 
p  <  .05. 


plex  because  of  political  and  social  concerns.  The  techniques  that 
are  used  to  restore  or  create  marshes  or  seagrass  beds  are  well 
studied  and  refined,  but  there  is  a  common  perception  that  once  the 
marsh  or  grass  bed  is  restored  physically  (i.e.,  it's  green),  it  is 
functionally  equivalent  to  natural  sites  (Thayer  1992).  This  per- 
ception is  not  realistic,  however.  Meyer  et  al.  (1993,  in  press)  have 
studied  both  created  and  natural  marshes,  and  their  utilization  by 
fishery  organisms,  including  blue  crabs  (Fig.  5).  Their  results  show 
that  over  a  2-year  peinod,  blue  crabs  utilize  natural  marshes  (e.g., 
crabs/meter^)  to  a  greater  extent  than  the  6  to  7-year-old  created 
ones.  On  the  Gulf  of  Mexico  coast,  Minello  and  Zimmerman 
(1992)  also  showed  that  after  3  to  5  years  following  salt  marsh 
creation,  shrimp  utilized  the  natural  marshes  to  a  greater  extent 
than  restored  marshes.  In  the  short  term,  <I0  years,  habitat  resto- 
ration does  not  seem  to  repair  all  damage  completely.  In  the  long 
term,  however,  if  good  techniques  are  employed,  it  is  likely  that 
structural  success  will  lead  to  equivalent  functional  processes. 
There  is  a  large  price  to  pay,  however,  both  financially  as  well  as 
ecologically.  The  financial  cost  of  restoration  is  high,  probably 
higher  than  the  cost  of  conservation.  Monitoring  must  be  incorpo- 
rated into  each  restoration  or  mitigation  project  to  ensure  that 
recovery  is  occurring,  and  it  is  an  additional  cost  that  may  indicate 
the  need  for  midcourse  corrections  (Thayer  1992).  Ecologically  the 
cost  can  also  be  high.  There  is  a  loss  of  habitat  both  immediately 
and  during  the  period  of  recovery.  In  most  instances,  we  do  not 
know  the  resiliency  of  these  restored/mitigated  habitats.  We  are 
becoming  better  and  more  aware  of  the  "where  to"  and  "how  to" 
of  re.storing  some  habitat  types,  but  we  remain  unable  to  fully 
emulate  "mother  nature." 

If  we  are  going  to  reduce  or  eliminate  the  impacts  of  alterations 
on  habitats  of  important  fishery  organisms  such  as  the  blue  crab, 
there  will  have  to  be  some  fundamental  changes  in  the  way  "we" 
view  and  utilize  coastal  environments.  Initially  there  has  to  be  the 
realization  that  most  human-related  impacts  are  not  the  resuh  of 
one  definite  affector.  but  rather  combinations  of  activities,  con- 
taminants, and  nutrient  inputs  that,  over  time,  will  alter  the  struc- 
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ture  and  function  of  coastal  ecosystems.  The  difficulty  is  that 
single  cause-and-effect  relationships  are  more  easily  understood 
and  managed,  so  we  avoid  the  multifactorial  problems.  Conserva- 
tion of  adequate  habitat  to  sustain  healthy  blue  crab  populations  is 
a  matter  of  concern  for  all  aspects  of  society  that  utilize  this  re- 
source. We  mu,st  realize,  as  Pogo  said,  "We  have  met  the  enemy, 
and  it  is  us."  By  recognizing  this,  and  educating  users  of  our 
coastal  zone  to  the  value  of  these  critical  blue  crab  habitats,  we  do 


much  more  than  con.serve  and/or  restore  habitat.  We  also  protect 
habitat  for  a  much  larger  complex  of  ecologically  relevant  organ- 
isms. If  this  can  be  done  on  a  scale  that  is  meaningful  at  the 
population  level,  we  will  be  truly  managing  the  estuarine  and 
coastal  environment  on  a  landscape  or  watershed  basis.  Only  when 
we  go  to  this  level  of  awareness  will  we  move  away  from  the 
"band-aid"  approach  to  environmental  management  and  begin  to 
utilize  a  holistic  or  proactive  approach  to  habitat  conservation. 
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REACTIONS  TO  THE  BLUE  CRAB  SYMPOSIUM 

L.  EUGENE  CRONIN 

Annapolis,  Mcuyhmd  21403 


Aaron  Rosenfield  and  Steve  Jordan,  co-convenors  of  the  Sym- 
posium, generously  and  at  some  risk  invited  Willard  A.  Van  Engel, 
Michael  Orhach,  and  me  to  present  our  undirected  thoughts  at  the 
end  of  the  Symposium.  I  had  chosen  to  make  notes  throughout  the 
Symposium  of  striking  ideas,  new  emphases,  a  few  foohsh  state- 
ments, and  anything  else  that  impressed  or  stimulated  me.  The 
product  is  a  niish-mash.  No  great  wisdom  is  in  evidence,  and  I 
can't  guess  what  impression  of  my  thought  processes  emerges,  but 
here  they  are,  in  no  particular  order.  I  missed  many  interesting 
things,  but  caught  some  that  give  me  pleasure  (or  a  bit  of  pain).  I 
apologize  for  the  lost  treasures.  Statements  with  asterisks  are  mine, 
stimulated  by  what  I  heard. 

"The  crab  fisheries  are  changing." 

"There  is  a  great  variability  in  everything  about  this  spe- 
cies." 

"Economics  is  more  important  than  we  have  realized." 

"Crabs  are  extraordinarily  difficult  to  sample." 

"We  must  achieve  voluntary  compliance  and  confidence  in 
science  if  we  are  to  be  successful  in  management." 

"Crabs  are  not  fish — use  great  care  in  the  transfer  of  tech- 
niques for  study  or  analysis."* 

"We  had  a  pretty  good  fit  until  the  '94  data  came  in." 

"There  are  many  potentials  lor  damage  to  crabs  from  hu- 
man activities." 

"Recreated  wetlands  are  not  equal  in  values  to  the  natural 
wetlands." 

"There  are  many  things  we  don't  know — some  are  signifi- 
cant and  some  are  not.  We  must  learn  to  distinguish  between 
them." 

"That  datapoint  doesn't  fit.  We  will  have  to  work  on  it." 

"There  is  a  vast  supply  of  megalopae  to  the  Gulf  Coast 
estuaries,  but  that  does  not  always  result  in  high  production 
of  crabs." 

"This  stock  is  about  managed  out  of  existence." 

"From  the  study  of  gene  flow,  the  populations  in  Gulf 
estuaries  seem  to  be  from  a  single  stock." 

"If  we  are  ever  to  be  successful  in  management,  we  must 
pick  and  define  our  objectives."* 


"To  be  of  value,  research  must  involve  or  be  applicable  to 
the  total  stock."* 

"Stock  assessments  offer  great  potentials — if  they  are 
rooted  in  correct  assumptions."* 

"h  is  extremely  difficult  to  go  from  laboratory  observations 
to  total  populations." 

"There  is  now  a  large  global  harvest  of  related  or  similar 
crabs,  and  it  will  increase." 

"Every  state  has  problems,  and  they  can  share  their  solu- 
tions. North  Carolina  presented  a  good  model.  .  ." 

"There  was  almost  no  reference  to  the  needs  or  wishes  of 
the  consumer."* 

"We  have  established  a  citizen's  advisory  committee. 
Seems  like  everybody  has." 

"We  must  give  increased  attention  to  the  human  ecology  of 
the  crab  fisheries." 

"Some  states  display  vivid  examples  of  continuous  tinker- 
ing with  'management'." 

"The  moratorium  on  licensing  of  all  fisheries  in  North 
Carolina  while  management  is  redesigned  is  a  promising 
and  valuable  idea."* 

"We  can  only  manage  people — not  crabs." 

"We  desperately  need  to  manage  jointly  or  cooperatively 
by  Virginia  and  Maryland  in  Chesapeake  Bay."* 

"Use  the  natural  period  for  a  year  class  of  crabs.  September 
through  August  in  Chesapeake  Bay,  not  the  annual  landings, 
which  mix  year  classes." 

"There  has  been  increasing  technical  professionalism  in 
virtually  every  state  (and  also  in  the  ability  to  illustrate 
ideas)."* 

"We  have  had  management  by  benign  neglect." 

"What  is  happening?  Why?"  (Van  Engel)  [Dr.  Van  Engel 
presumably  was  challenging  the  group  to  gain  a  better  un- 
derstanding of  the  problems  of  blue  crab  fisheries,  although 
it  was  late  in  the  day!  (ed.)] 

"A  most  crucial  problem  is  that  of  determining  the  effect  of 
spawning  stock  on  recruitment.  Most  of  our  management  is 
directed  toward  the  vague  hope  of  protecting  an  'adequate' 
or  'prudent'  spawning  stock — and  we  don't  know  what  they 
would  be."* 
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THE  NATIONAL  SHELLFISHERIES  ASSOCIATION 


The  National  Shellfisheries  Association  (NSA)  is  an  international  organization  of  scientists,  manage- 
ment officials  and  members  of  industry  that  is  deeply  concerned  and  dedicated  to  the  formulation  of 
ideas  and  promotion  of  knowledge  pertinent  to  the  biology,  ecology,  production,  economics  and  man- 
agement of  shellfish  resources.  The  Association  has  a  membership  of  more  than  1000  from  all  parts  of 
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PREFACE 


Contained  in  this  special  issue  of  the  Journal  of  Shellfish  Re- 
search are  the  contributions  of  many  of  the  participants  of  the 
Third  International  Symposium  of  Abaione  Biology,  Fisheries,  and 
Culture,  held  at  Asilomar.  Monterey  Peninsula.  California.  Octo- 
ber 25-31.  1997.  This  conference  was  attended  by  over  380  sci- 
entists, divers,  businessmen,  aquaculturists.  and  governmental  rep- 
resentatives. It  was  supported  by  the  California  Sea  Grant  College 
Program  together  with  sponsors,  the  U.S.  National  Park  Service. 
California  Department  of  Fish  and  Game.  FishTech.  International, 
and  Abaione  Abodes. 

The  Third  International  Abaione  Symposium  followed  a  first 
conference  held  in  La  Paz.  Baja  California.  Mexico,  in  1989  and  a 
second  in  Hobart,  Tasmania,  in  1994.  At  the  Hobart  meeting  it  was 
decided  five  years  was  too  long  an  interval  between  these  events 
since  so  many  changes  were  occurring  in  fisheries  and  so  many 
advances  were  being  made  in  new  technologies  and  research  con- 
cerning abaione.  It  was  agreed  that  the  next  symposium  should  be 
held  within  three  years.  That  decision  could  not  have  been  more 
percepti\e. 

Since  1994  fisheries  in  many  parts  of  the  world  have  waxed  and 
waned,  mostly  the  latter.  Environmental  changes,  long  histories  of 
heavy  exploitation,  and  epidemics  of  newly  identified  pathogenic 
organisms  have  conspired  to  impact  fisheries  and  a  minute  shell- 
infesting  polychaete  has  nearly  devastated  the  abaione  culture  in- 
dustry of  California.  In  California,  the  white  abaione  is  approach- 
ing extinction  as  its  populations  off  the  southern  California  Chan- 


nel Islands  have  \irtually  disappeared.  Startling  declines  in 
abaione  populations  and  landings  in  California  have  prompted  a 
statewide  closure  of  the  commercial  fishery,  and  the  recreational 
fishery  is  now  limited  to  breath-hold  diving  in  a  zone  north  of  San 
Francisco,  where  the  abaione  population  and  1. ()()()  ton-a-year 
landings  are  sustained  by  an  offshore  refugium.  Other  countries, 
while  not  yet  experiencing  a  comparable  deluge  of  constraining 
factors,  are  braced  for  similar  events  in  the  future. 

On  the  other  hand,  cutting  edge  molecular  technology  has 
brought  about  the  development  of  highly  sophisticated  tools  to 
allow  identification  and  distinction  of  stocks  which  will  have 
broad  application  in  zoogeography,  phylogenetics,  and  aquacul- 
ture.  Advancements  in  genetic  engineering  are  allowing  the  cre- 
ation of  transgenic  abaione  and  the  methods  to  produce  polyploid 
progeny  are  being  refined  to  tailor  production  of  abaione  crops  in 
aquaculture  with  enhanced  qualities  for  broadened  markets. 

The  scientific  papers  comprising  this  volume  constitute  a  cross 
section  of  the  subjects  addressed  in  the  technical  sessions  of  the 
symposium.  We,  the  editors,  thank  all  those  individuals  submitting 
their  manuscripts  for  their  contribtions  to  this  work.  It  is  our  hope 
those  seeking  the  most  up-to-date  information  on  abaione  fisheries, 
biology  and  culture  will  find  this  edition  a  valuable  resource. 

The  Fourth  International  Abaione  Symposium  will  be  held  in 
Cape  Town.  South  Africa  in  February  6-11.  2000. 

Editors:  Peter  A.  Cook.  Gary  E.  Davis.  Peter  L.  Haaker,  David 
L.  Leiahton 
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CURRENT  STATUS  OF  ABALONE  AQUACULTURE  IN  THE  CALIFORNIAS 


SUSAN  C.  MCBRIDE 

University  Califomia  Sea  Grant  Extension  Proiiiani 
2  Commercial  Street,  Suite  4 
Eureka,  California  95501 


ABSTR.\CT  Abalone  aquaculture  in  California  and  Baja  California  is  expanding.  The  number  of  commercial  farms  has  increased 
from  2  in  1980.  to  5  in  1989.  to  14  in  1997.  Production  of  70-132  metric  tons  between  1992  and  1996  has  resulted  in  sales  of  over 
2  million  dollars  annually.  Annual  seed  production  is  approximately  3  million.  Production  systems  have  diversified  and  in-water. 
growout  facilities  produced  22%  of  the  total  132,916  kg  in  shell,  market-sized  abalone  in  1996.  Resource  management  agencies,  the 
abalone  aquaculture  industry,  and  university  researchers  have  addressed  the  introduced  sabellid  worm  problem  by  inspections  of  seed 
before  sale,  improved  farm  sanitation  practices,  and  use  of  screens  on  farm  discharges.  Larval  and  seed  enhancement  are  the  main 
activities  of  research  and  development  firms  in  California  and  fishery  cooperatives  in  Baja  California. 
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INTRODUCTION 

Abalone  have  a  Uiiig  and  diverse  history  in  North  America.  The 
oldest  known  abalone  fossils  are  found  in  cretaecous  rock  at  Point 
Loma,  San  Diego  County  (Lindberg  1992).  Native  Americans  used 
abalone  shells  for  personal  ornamentation  and  fishhooks  (Howorth 
1988):  commercial  fisheries  were  developed  over  150  y  ago  (Co.x 
1962):  and  the  abalone  aquaculture  industry  began  in  the  1960s.  A 
small  group  of  indi\'iduals.  with  little  basic  knowledge  of  abalone 
cultivation,  were  able  to  successfully  spawn  abalone  and  rear  the 
larvae,  juveniles,  and  young  adults  by  the  early  1970s  (Ino  and 
Harada  1961,  Owen  et  al.  1971.  Leighton  1989).  The  greatest  help 
received  by  the  pioneer  abalone  aquaculturists  was  the  discovery 
of  spawn  induction  with  ultraviolet  irradiated  seawater  or  hydro- 
gen pero.xide  (Kikuchi  and  Uki  1974,  Morse  et  al.  1977).  Approxi- 
mately 10  y,  later,  the  first  cultured  abalone  were  sold  in  southern 
Califomia  in  1981  (McMullen  and  Thompson  1989).  During  the 
1980s,  there  were  many  new  entrants  to  the  industry  (Ebert  1992). 
and  many  of  the  research  and  development  companies  of  the  1 980s 
are  now  in  commercial  production. 

This  article  examines  the  current  status  of  the  abalone  aqua- 
culture industry  in  Califomia  and  Baja  California  and  considers 
physical  site,  feeds,  production,  and  research  and  educational 
needs  of  the  industry.  It  must  be  stressed  that  the  industry  is 
developing  in  a  dynamic  environment  and  social  context.  There- 
fore, this  study  must  be  regarded  as  a  snapshot  rather  than  as  a 
report  on  the  state  of  the  art. 

METHODS 

A  survey  of  the  abalone  aquaculturists  and  bioassay  laborato- 
ries in  Califomia  and  Baja  Califomia  was  conducted  by  telephone. 
One  individual  at  each  facility  was  interviewed  and  asked  a  series 
of  questions  in  five  categories:  physical  site,  feeds,  production, 
constraints,  and  research  and  education  needs.  Physical  site  ques- 
tions included  location,  species  cultured,  type  of  facility  in  opera- 
tion, size,  years  in  operation,  years  in  production,  number  of  em- 
ployees, and  major  expense  items.  Feed  data  collected  were  the 
amount  of  kelp  used  per  week  and  information  on  the  use  of 
prepared  diets.  Production  considerations  consisted  of  water  qual- 
ity, market  location,  time  and  size  in  the  growout  system,  produc- 
tion of  market-sized  abalone.  and  number  of  seed  produced. 

For  the  purposes  of  this  article,  the  following  definitions  are 
used.  Seed  abalone  are  animals  of  4-15  mm  in  shell  lenath.  Most 


market-sized  abalone  are  85-95  mm  in  shell  length  and  90-120  g 
in  whole  live  weight.  A  hatchery  consists  of  a  spawning  and  larval 
rearing  area.  A  nursery  is  a  unit  between  the  hatchery  and  produc- 
tion phase  and  is  designed  to  cope  with  the  transition  from  con- 
trolled conditions  in  the  hatchery  to  conditions  the  young  abalone 
will  encounter  in  the  production  system.  Production  or  growout 
(used  interchangeably)  usually  begins  when  the  abalone  are  15-35 
mm  in  shell  length.  Production  of  abalone  includes  enclosed,  land- 
based  systems  with  fiberglass  or  cement  tanks  and  off-shore  or 
in-water  systems  where  the  abalone  are  contained  in  barrels  or 
cages.  Production  systems  hold  the  abalone  until  they  reach  market 
size. 

Activities  related  to  abalone  aquaculture  in  the  region  are  kelp 
harvesting,  use  of  abalone  larvae  in  bioassay  protocols  for  com- 
pliance testing  of  effluents,  and  consulting.  Data  on  total  annual 
kelp  harvest  and  abalone  aquaculture  production  were  obtained 
from  the  Califomia  Department  of  Fish  and  Game  (CDFG  1997). 
Value  of  fresh  and  frozen  abalone  exported  from  the  United  States 
to  Japan  was  obtained  from  the  U.S.  Bureau  of  the  Census  (1996), 
Three  bioassay  facilities  and  the  state  Environmental  Laboratory 
Accreditation  Program  (ELAP)  representative  were  contacted  to 
estimate  the  number  of  facilities  using  the  abalone  larvae  bioassay 
protocol.  One  question  in  the  survey  addressed  consulting  services 
offered  by  the  company.  Two  interviews  with  independent  con- 
sultants were  conducted  to  determine  the  services  offered.  In  Baja 
Califomia.  one  commercial  grower  and  six  fishery  cooperatives 
were  interviewed. 

RESULTS 

A  total  of  36  interviews  were  conducted:  14  with  commercial 
growers,  10  with  research  and  development  companies.  4  with 
bioassay  laboratories,  2  with  consultants,  and  6  with  the  fishery 
cooperatives  in  Baja  Califomia.  In  some  cases,  the  responses  from 
Califomia  and  Baja  Califomia  are  indicated  by  an  italicized  para- 
graph header. 

California 

The  number  of  commercial  farms  and  research  and  develop- 
ment facilities  was  verified  by  comparison  with  the  list  of  regis- 
tered marine  aquaculturists  (CDFG  1997).  The  number  of  com- 
mercial abalone  farms  has  increased  from  2  in  1980  (Bowden 
1981).  to  5  in  1989  (Ebert  1992),  and  to  14  (this  study).  Four 
companies  in  Califomia  are  in  the  permit-procuring  process  to 
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establish  in-water  production  farms  on  submerged  lands  managed 
in  trust  by  the  state  of  California  or  other  governing  bodies.  The 
list  of  registered  abalone  aquaculturists  in  California  is  given  in 
Table  I .  Soine  research  and  development  firms  do  not  have  aqua- 
culture  licenses.  A  substantial  commitment  to  abalone  aquaculture 
is  reflected  by  the  nuinber  of  years  the  14  farms  have  been  in 
operation.  The  mean  number  of  years  in  operation  is  9.7  and  years 
in  production  is  6.0. 

Baja  California 

Commercial  activity  in  Baja  California  began  later  than  in  Cali- 
fornia. The  first  farm  began  commercial  production  in  1993,  but 
culture  activities  in  the  fishery  cooperative  laboratories  began  in 
1984.  One  commercial  company  has  an  integrated  farm  with 
hatchery,  nursery,  and  production  facilities,  and  another  currently 
has  hatchery  facilities.  There  are  six  fishery  cooperatives  actively 
working  with  abalone  for  fishery-enhanceinent  purposes,  three 
produce  seed  abalone,  and  three  produce  larvae  only  (Table  2). 

California 

Commercial  production  includes  six  firms  that  were  involved 
in  research  and  development  in  1989  and  five  companies  that  were 
not  in  existence  in  1989.  Three  research  and  development  compa- 


nies remained  in  that  category  since  1989  and  are  included  in  the 
14  currently  registered.  These  firms  focus  primarily  on  enhance- 
ment methods  for  larval  and  juvenile  abalone.  Four  of  the  research 
firms  interviewed  have  received  offers  in  the  past  few  months  for 
their  business.  Each  person  interviewed  believed  that  this  was  a 
direct  result  of  the  California  abalone  fishery  closures  and  are 
considering  expanding  their  firm.  Two  research  and  development 
companies  maintain  their  marine  aquaculture  registrations  but  are 
not  cuiTently  doing  any  work  with  abalone. 

One  research  and  development  business  is  the  first  licensed 
marine  farm  in  California  to  attempt  red  abalone.  blister  or  mabe 
pearl  production  on  a  commercial  scale.  The  technology  resulted  in 
replicating  abalone  pearls  similar  to  those  known  to  occur  in  native 
abalone,  in  commercial  quantities.  Marketing  issues  such  as  prod- 
uct acceptance  remain  unresolved  and  require  understanding  by 
the  pearl  producer  before  a  feasible  market  price  can  be  established 
and  the  business  expanded.  Two  other  farms  are  experimentmg 
with  mabe  pearl  production. 

State  and  federal  regulations  requiring  bioassays  conducted 
with  a  plant,  vertebrate,  and  invertebrate  species  include  an  estab- 
lished protocol  with  abalone  larvae  as  a  test  organism.  There  are  13 
laboratories  certified  by  the  ELAP,  consisting  of  nine  commercial 
firms  and  four  dischargers  (two  municipalities  and  two  industrial). 


TABLE  1. 
Registered  abalone  aquaculturists  in  California. 


Company 


Operations 


Haliotis  Species 


Aquaventures,  Crescent  City 

Abalone  International,  Inc.,  Crescent  City 
Bodega  Farms,  San  Francisco 
Abalone  Acres.  Inc..  Marshall 

Maj'shall  Boatworks.  Marshall 

Princeton  Abalone,  Inc.,  Princeton 
Blue  Pacific  Abalone,  El  Granada 
Pacific  Offshore  Farms,  Santa  Cruz 
U.S.  Abalone,  Davenport 

Pacific  Manculturc,  Inc..  Santa  Cruz 
Monterey  Ahalone  Co.,  Monterey 
Pacific  Ahalone  Farms,  Pacific  Grove 
The  Abalone  Farm,  Inc.,  Cayucos 
The  Cultured  Abalone,  Goleta 
Sea  Farms,  Santa  Barbara 
Pacific  Seafood  Industries,  Inc.. 

Santa  Barbara 
Justin  Mezey.  Santa  Barbara 
Cosecha  del  Mar,  Santa  Barbara 
Channel  Island  Offshore  Farms 

Port  Hueneme 
Proteus  Sea  Farms  International.  Inc.,  Ojai 


Naval  Research  &  Development  Lab, 

San  Diego 
Maritech,  San  Diego 
Cardiff  Seafarms,  Inc.,  Cardiff 
Carlsbad  Aquafainis.  Inc..  Carlsbad 


R&D 

recirculating  system 
In-water  growout,  cages 
Seed  production 
Land-based  nursery 

In-water  growout,  barrels 
R&D 

R&D 
R&D 
R&D 

Integrated  land-hased  farm, 

in-water  growout 
Integrated  land-based  farm 
In-water  growout,  cages  and  barrels 
In-water  growout,  cages  and  barrels 
Integrated  land-based  farm 
Integrated  land-based  farm 
In-water  growout,  cages 
R&D 

R&D,  enhancement 

R&D 

Seed  pniduction 

Integrated  land-based  farm, 
primarily  seed  production,  R&D 

R&D.  enhancement 

R&D,  enhancement 
R&D,  recirculating  ^ystems 
Integrated  land-based  farm, 
in-water  growciut 


H.    IKfl'SCCIlS 

H.  riifcscens 
H.  rufescens 
H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  rufescens 

H.  fulgens 

H.  rufescens,  H.  fulgens 

H.  corrugata,  H.  surenseni 

H.  cracherodii 

H.  rufescens 

H.  fulgens 

H.  fulgens,  H.  corrugata 

H.  fulgens.  H.  corrugata 

H.  rufescens  x  H.  fulgens 

hybrid.  H.  fulgens, 

H.  corrugata 
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TABLE  2. 
Abalone  larms  and  fishen  coopt'rative  laboratories  in  Baja  California  and  Baja  California  Sur  IB.C.S.). 


Company  or  Organization 


Operations 


Haliotis  Species 


Abulones  Culm  ados.  S.A. 

Ensenada.  Baja  California 
Aquani  International 

Erendira.  Baja  California 
Sociedad  Cooperativa  Emancipacion 

Puerto  Nuevo.  B.C.S. 
Sociedad  Cooperativa  La  Purisima 

Punta  Eugenia.  B.C.S. 
Sociedad  Cooperativa  Bahia  Tortugas 

Bahia  Tortugas.  B.C.S. 
Sociedad  Cooperative  La  Progresso 

La  Bocana.  B.C.S. 
Sociedad  Cooperativa  Pescadores 

Nacionales  de  Abulon.  Isla  Cedros.  B.C.S. 
Sociedad  Cooperati\a  Buzos  y  Pescadores 

Isla  Natividad.  B.C.S. 


Land-based  hatchery  and  nursery 

in-water  growout 
Hatchery,  land-based  growout 

Land-based  hatchery  and  nursery. 

larve  and  seed  released 
Land-based  hatchery  and  nursery 

Land-based  hatchery  and  nursery. 

larvae  and  seed  released 
Land-based  hatchery  and  nursery. 

larvae  and  seed  released 
Hatchery  only,  larvae  released 

Hatcherv  onl\.  lanae  released 


H.  ntft'sccus 

H.  rufescens 

H.  fulgens 

H.  fiilgens 
H.  corrugala 
H.  fulgens 

H.  fulgens 

H.  fulgens 

H.  fulgens 


Three  university  laboratories  use  the  abalone  bioassay  test  for 
research  purposes.  The  estimates  of  bioassay  laboratories  using  the 
abalone  protocol  received  from  the  three  interviews  were  verified 
by  comparison  with  the  EL.^P  list  (ELAP  pers.  comm.). 

Five  farms  and  four  independent  businesses  offer  consulting 
services.  Services  offered  by  consuhants  to  the  abalone  aquacul- 
ture industry  include  financial  assessment:  concept  planning;  fa- 
cility design  and  construction;  all  aspects  of  hatchery,  nursery,  and 
growout  procedures;  and  kelp  management. 

Physical  Site 

The  location  and  regional  seawater  temperature  range  of  the 
commercial  abalone  farms  in  California.  Baja  California,  and  Baja 
California  Sur  are  shown  in  Figure  1.  Ten  of  15  coastal  counties  in 
California  currently  have  active  commercial  abalone  farms  and/or 
research  and  development  companies.  One  company  operates  in 
two  counties.  Baja  California  has.  in  addition  to  two  commercial 
companies,  si.x  fishing  cooperatives  that  culture  abalone  primarily 
for  fisheries  enhancement  and  are  located  in  the  state  of  Baja 
California  Sur  (Table  2). 

A  total  of  27  hectares  of  ocean  floor  and  coastal  land  is  cur- 
rently used  for  abalone  aquaculture  in  California  and  Baja  Cali- 
fornia (Table  3l.  Four  farms  manage  both  land-based  and  in-water 
abalone  culture  operations.  Ten  farms  are  located  in  rural  areas. 
and  four  are  in  urban  locations.  There  are  nine  hatcheries.  10 
nurseries,  seven  land-based  production  facilities,  and  nine  in-water 
production  facilities. 

Commercial  abalone  farms  currently  employ  93  people  in  Cali- 
fornia and  48  people  in  Baja  California  in  full-time  positions.  An 
additional  12  participate  in  part-time  work  in  California.  Feeding 
and  husbandry  of  abalone  in  production  facilities  require  the  ma- 
jority of  effort.  The  labor  involved  is  intensive  in  function  but  not 
necessarily  in  number  of  employees.  Labor  was  identified  by  seven 
growers  as  their  largest  expense. 

Other  major  expenses  are  power,  feed,  marketing,  boat  main- 
tenance, regulatory  compliance,  and  fees.  Power  was  identified  as 
the  greatest  expense  by  two  growers  and  as  second  or  third  by  six. 
Feed  was  considered  the  greatest  expense  by  one  grower  and  sec- 


ond or  third  by  eight.  Marketing  expenses,  which  include  harvest, 
shipping,  and  packaging;  boat  maintenance;  and  fees,  were  given 
as  the  third  greatest  expense  by  two  growers  each. 

Water  quality  is  generally  not  a  problem  for  abalone  growers. 
Natural  events  such  as  red  tides,  episodic  turbidity,  and  salinity 
changes  associated  with  storms  affect  abalone  in  culture  systems. 
Two  farms  have  occasional  problems  with  urban  and  agriculture 
runoff  after  heavy  rain.  Culturists  have  addressed  these  natural 
occurrences  and  those  resulting  from  human  activity  successfully 
with  aeration,  filtration,  or  physically  moving  in-water  systems. 

All  land-based  abalone  aquaculture  farms  in  California  monitor 
water  quality  for  the  State  Water  Quality  Control  Board  on  a 
monthly  or  quarterly  basis.  Lev  els  of  suspended  solids,  oil.  grease, 
and  ammonia,  in  effluents  together  w  ith  temperature  records,  are 
reported  to  state  and  federal  agencies. 

Farms  routinely  record  ambient  seawater  temperatures  which 
range  from  9  to  23  "C.  but  more  commonly  encountered  tempera- 
tures are  between  10  and  20*'C  (Fig.  1 ).  During  August  to  October 
1997.  more  extreme  temperatures  were  recorded,  often  in  excess  of 
24°C.  This  El  Nino  caused  problems  with  reduced  feeding  rates  in 
production  systems,  low  nutrient  water  reducing  diatom  growth  in 
nursery  systems,  and  decreased  availability  of  natural  feeds.  Three 
farms  monitor  dissolved  oxygen  and  salinity  on  a  regular  basis, 
and  one  farm  routinely  assesses  bacterial  abundance  at  critical 
locations. 


Feed 


Three  brown  algal  species,  from  the  order  Laminariales.  are 
collected  or  harvested  for  abalone  aquaculture  in  California,  Baja 
California,  and  Baja  California  Sur:  Egregia  inenziesii  Areschoug. 
Macrocystis  pyrifera  C.A.  Agardh.  and  Nereocystis  luetkeana 
(Mertens)  Postels  and  Ruprecht.  The  majority  of  feed  requirements 
is  met  by  harvest  of  M.  pyrifera  from  leased  and  open  beds  in 
central  and  southern  California.  In  1996,  the  abalone  aquaculture 
industry  harvested  6,214  metric  tons  of  the  three  algal  species, 
representing  10.539^  of  the  total  industrial  and  aquaculture  kelp 
(M  pyrifera)  harvest  in  California  (Table  4). 

Kelp  availability,  year  round,  has  not  generally  been  a  problem 
for  abalone   aquaculturists.   Most  difficulties  occur  during 
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Del  Norte  County  (1,2) 


[  Sonoma  County  (1,0) 
^Marin  County  (1,1) 

pSan  Mateo  County  (1,4) 
SihtaTruz  County  (2,  0) 

^  Monterey  County  (2,  0) 

San  Luis  Obispo  County  (1,  0) 

Santa  Harbara  County  (2,  3) 
Ventura  County  (2,  0) 


TABLE  3. 

Size  (in  hectares)  and  production  of  market-sized  abalone  for 
abalone  farms  in  California  and  Baja  California  in  1996. 


Baja  (plifomia  (2,0) 


aja  dalifofkiia  Sur  (0,6) 


Figure  1.  Location  of  abalone  facilities  and  regional  seawater  tem- 
peratures for  non-El  Nifio  years.  In  California,  the  numbers  in  paren- 
thesis are  the  number  of  farms  and  the  number  of  research  and  de- 
velopment companies,  respectively.  For  Mexico,  the  numbers  in  pa- 
renthesis are  the  number  of  commercial  farms  and  the  number  of 
abalone  hatcheries  operated  by  fishing  cooperatives,  respectively. 

severe  winter  storms,  which  may  prevent  access  to  kelp  beds. 
Twelve  farms  have  kelp  harvest  permits,  and  eight  harvest  their 
own  kelp  or  occasionally  purchase  it  from  a  commercial  kelp 
harvester  or  local  fisherman.  Three  farms  purchase  their  kelp  al- 
most entirely  from  commercial  kelp  harvesters.  Kelp  is  harvested 
by  small  boat  and  cut  by  hand,  or  in  one  case  from  a  converted 
Naval  landing  craft. 

At  seven  land-based  farms,  abalone  of  all  sizes  receive  pre- 
pared diets.  Two  in-water  farms  Introduce  prepared  diets  to  aba- 
lone cages.  Two  farms  blend  their  own  prepared  diets,  whereas 
eight  farms  use  manufactured,  prepared  diets.  Some  farms  use 
prepared  diets  experimentally  or  as  a  dietary  supplement.  Two 
farms  have  a  standard  procedure  with  strict  feeding  regimens  in 
which  abalone  densities  are  controlled  and  growth  measurements 
are  recorded  for  abalone  fed  prepared  diets. 


Farm  Type 

No.  of  Farms  in 
Each  Size  Category 

0.41-1.61  ha       >4.0  ha 

Total  No. 
of  ha 

Production  of 
Market-Sized 
Abalone  (kg) 

In-water 
Land-based 

6                        2 
II                      2 

10? 
17,0 

2S.975 
103.940 

Production 

Three  species  of  abalone  are  commercially  cultured  in  Califor- 
nia and  Baja  California.  Fourteen  farms  culture  Haliotis  rufescens 
Swainson.  four  farms  culture  Haliotis  fidgens  Philippi.  and  three 
farms  culture  Haliotis  cornigata  Wood.  Two  species  are  cultured 
experimentally,  Haliotis  cracherodii  Leach  and  Haliotis  sorenseni 
Bartsch.  Fishery  cooperatives  in  Baja  California  Sur  culture  H. 
nifescens  and  H.  fulgens. 

The  majority  of  the  production  in  1996  was  H.  nifescens.  as  in 
earlier  studies  (Bowden  1981.  Ebert  1992).  In  1996,  a  total  of 
132.916  kg  of  market-sized  abalone  were  produced  in  California 
and  9.900  kg  was  produced  in  Baja  California  (Fig.  2). 

California 

Meat  production  increased  by  15.2%  in  1996  from  the  previous 
year.  Between  1992  and  1996,  the  price  of  abalone  fluctuated  by 
20.7%  and  was  lowest  in  1996.  This  was  probably  caused  by  sales 
of  smaller  abalone  due  to  sabellid  worm  infestation.  Sales  of  prod- 
uct to  international  markets  vary  from  occasionally  up  to  80%,  and 
sales  to  domestic  markets  were  between  20  and  100%  of  produc- 
tion. The  export  price  of  abalone  from  the  United  States  was 
determined  by  dividing  the  total  tonnage  of  fresh  and  frozen  aba- 
lone exported  to  Japan  per  year  between  1990  and  1996  by  the 
■■free  alongside  ship"  (f.a.s.)  export  value  of  those  products  (U.S. 
Bureau  of  Census  1996)  (Fig.  3).  The  f.a.s.  values  do  not  include 
expenses  such  as  transportation,  insurance,  or  related  services  and 
include  sales  of  abalone,  which  encompass  a  wide  range  of  prices 
(Oakes  and  Ponce  1996).  The  effect  of  the  abalone  fishery  closures 
in  California  (Thompson   1997)  on  prices  is  unknown.  Abalone 

TABLE  4. 

Aquacullure  kelp  harvest  of  E.  menziesii.  I\[.  luetkeana,  and  M. 
pyrifcru  compared  with  the  total  harvest  of  M.  pyrifera  in  California. 


Total  industrial  and 

(Aquaculture  Harvest) 

Oceanographic 

Year 

(metric  tons) 

Condition 

1983 

4.792 

Strong  El  Nino 

1990 

137.672 

La  Nina 

1991 

1L';.913 

La  Nina 

1992 

82,9.'>l 

Weak  El  Nmo 

1993 

84.491 

Weak  El  Nino 

1994 

73.642 

Weak  El  Nino 

1996 

58.992(6.214*) 

Developing  El  Nirio 

Total  hi;,  vest  of  selected  years  from  CDFG  statistics.  Aquaculture  harvest 
dala  are  vd  nvn  for  1996  only,  no  other  data  are  available.*  ■■La  Nifia"  is 
a  period  ■  .       omously  cold  seawater  leniperalures  (Glanlz  1996). 
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Figure  2.  H.  rujescem.  Production  of  niarl<et-sized  ahalone  in  Cali- 
fornia (n  =  8)  and  Baja  California  abalone  farms  (n  =  I).  Data  for 
California  farms  are  from  the  CDFC,.  Data  for  Baja  California  are 
from  interviews  conducted  in  this  study. 


products  other  than  meat  include  seed,  shell,  broodstock.  and  lar- 
vae. 

.Abalone  remain  in  nursery  systems  between  4  and  10  mo  and 
are  introduced  to  production  systems  at  different  sizes,  dependent 
primarily  on  the  type  of  culture  system  used.  Land-based  systems 
place  abalone  of  10-15  mm  shell  length  into  the  production  sys- 
tem, and  the  abalone  remain  there  for  24-48  mo.  In-water  cultur- 
ists  use  young  abalone  of  12-15  or  20— 15  mm  in  their  systems 
initially.  The  abalone  remain  in  growout  cages  or  barrels  for  30-36 
mo.  Overall,  abalone  remain  in  culture  systems  3-5  y  from  larvae 
to  market  size,  the  range  reflecting  the  variability  of  growth.  Cur- 
rently. California  abalone  farms  must  be  certified  sabellid  free  by 
the  CDFG  before  seed  may  be  transported  from  one  farm  to  an- 
other. 

The  total  number  of  seed  produced  in  the  three  states  during 
1996  was  3.1  million,  appro.ximately  25.69f  of  which  were  pro- 
duced in  Baja  California  (Fig.  4).  Seed  production  in  California 
and  Baja  California  has  increased  between  1992  and  1996.  except 
for  the  decrease  seen  in  1994. 

Constraints 

The  introduced  sabellid  worm  was  the  most  serious  problem 
and  constraint,  identified  by  all  growers.  Problems  encountered, 
directly  attributable  to  the  sabellid  include  significant  interfer- 
ence  with   growth;   reduced   meat   yield;   deformed,   weak. 
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and  porous  shells;  generally  weaker  foot  muscle  for  attachment 
atler  handling;  reduced  inarket  prices;  the  negative  public  percep- 
tion of  abalone  aquaculture;  restricted  seed  sales;  prohibition  on 
enhancement  activities;  and  generally,  reduced  industry  produc- 
tion. Regulatory  costs  such  as  permitting,  the  difficulty  of  devel- 
oping new  sites,  and  expanding  current  operations  were  indicated 
as  severe  constraints  by  seven  growers. 

A  long-term  constraint,  stated  by  five  growers,  was  the  avail- 
ability and  the  right  to  harvest  kelp.  Conflicts  over  multiple  use  of 
marine  resources,  including  kelp  beds  and  submerged  lands,  were 
considered  a  constraint  by  two  growers.  Three  constraints  cited  by 
three  growers  each  were  natural  events  (storms  and  El  Niiio). 
increased  global  competition  for  the  Asian  markets,  and  the  slow 
growth  of  abalone.  Other  issues  mentioned  by  one  grower  each 
were  marine  mammals,  seawater  system  maintenance,  general  lack 
of  specialized  technology,  an  insufficiently  experienced  work- 
force, and  energy  costs. 

Research  and  Education 

Closely  linked  to  the  identified  constraints  are  the  areas  of 
research  cited  as  most  critical  for  the  industry.  Control  of  the 
sabellid  worm  by  acceptable  means  was  universally  stated  as  the 
most  critical  area  of  research.  Comments  included  extending  this 
research  to  other  boring,  epizoic  pests  that  infest  abalone  shells. 

Development  of  a  prepared  diet  was  cited  by  1 1  growers  as 
another  area  requiring  research.  Comments  on  diet  research  in- 
clude suggestions  that  formulations  mimic  kelp  in  form,  density, 
and  nutritional  qualities;  support  equivalent  growth  rates;  reduce 
fecal  egestion;  and  achieve  higher  assimilation  rates. 

Genetic  improvements  achieved  by  ploidy  manipulations,  hy- 
brid formation,  and  biotechnology  were  identified  as  important 
research  topics  by  eight  growers.  Other  informational  needs  iden- 
tified by  growers  were  market  research,  broodstock  conditioning, 
recirculating  seawater  systems,  development  of  optimal  density 
and  feeding  schedules,  and  development  of  algal  culture  and  poly- 
culture  systems  that  include  abalone. 

Five  growers  identified  public  education  about  aquaculture  as 
the  greatest  need  in  this  category.  Practical  courses  on  basic  aba- 
lone biology,  husbandry,  and  behavior  for  employees  were  sug- 
gested by  three  growers. 

DISCUSSION 

The  dynamic  and  expanding  nature  of  the  global  aquaculture 
industry  is  reflected  in  the  activities  and  challenges  of  abalone 
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Figure  4.  H.  rufescens.  Total  abalone  seed  production  for  California 
hatcheries  In  =  9|  and  Baja  California  hatcheries  (n  =  4). 
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farming  in  California  and  Baja  California.  Pathological  problems 
and  resource  conflicts  are  challenging,  while  advances  proceed  in 
seed  production  and  culture  system  improvement. 

The  single  tnost  critical  threat  to  abalone  aquaculture  in  the 
region  is  the  introduced  sabellid  polychaete  wonn.  Attention  to  the 
ecological  and  socioeconomic  consequences  of  the  sabellid  has 
been  made  by  industry  members,  resource  managers,  and  univer- 
sity researchers.  High  concentrations  of  individual  organisms  in 
culture  systems  or  in  any  one  location  inevitably  enhance  the  op- 
portunity for  proliferations  of  parasites  and  diseases.  Populations 
of  abalone  in  culture  systems  have  become  widely  infested  with 
the  sabellid  worm,  causing  significant  harm  to  the  industry.  The 
threat  of  introduction  of  the  worm  to  native  gastropods  of  the 
nearshore  ecosystem  exists,  and  potential  effects  are  under  inves- 
tigation. The  industry,  the  CDFG.  and  the  public  have  legitimate 
and  serious  concerns  about  the  spread  of  the  sabellid  to  the  near- 
shore  environment.  Eradication  of  the  worm  and  protection  of  the 
natural  environment  in  California  are  common  goals  now  essential 
to  responsible  abalone  farming  and  to  the  CDFG  mandate  to  pro- 
tect marine  resources.  Improved  sanitation  measures  on  land-based 
and  in-water  farms  that  will  minimize  or  prevent  further  spread  of 
the  worm  such  as  a  seed  inspection  program  are  currently  en- 
forced. Heightened  awareness  to  introduced  species  may  benefit 
the  industry  in  the  long  run  by  economic  gains  from  improved 
husbandry  practices  and  development  of  industry-wide  agreements 
or  strategies. 

The  rapid  development  of  the  sabellid  worm  problem  can  be 
seen  by  comparing  the  results  of  this  study  with  those  of  Fitzsim- 
mons  (1995),  in  which  10  farms  responded  to  surveys.  In  1995. 
Withering  Syndrome  was  listed  as  a  major  disease  problem  for 
abalone,  but  70%  of  the  farms  responded  that  they  seldom  expe- 
rienced disease  problems  at  their  facility.  This  indicates  that  the 
sabellid  worm  infestations  occurred  rapidly  and  spread  without 
control,  even  though  it  was  present  in  at  least  one  farm  since  the 
late  1980s  (Oakes  and  Fields  1996).  Sharing  of  stock  between 
facilities  occurred  before  the  invasive  nature  of  this  parasite  was 
recognized. 

Problems  associated  with  the  introduced  sabellid  worm  have 
made  it  to  the  front  page  of  San  Francisco  newspapers  (Perlman 
1997),  resulting  in  letters  to  Governor  Wilson  and  to  the  director 
of  the  CDFG.  Introduced  or  nonindigenous  species  are  a  national 
issue.  Congress  recently  passed  H.R.  4238,  the  National  Invasive 
Species  Act,  which  seeks  to  prevent  the  introduction  and  spread  of 
nonindigenous  species  by  ships'  ballast  water  operations  in  the 
United  States.  The  scope  of  the  problem  is  indicated  by  a  descrip- 
tion of  San  Francisco  Bay  as  the  most  invaded  aquatic  ecosystem 
in  North  America  (Cohen  and  Carlton  1995).  Over  200  nonindig- 
enous species  are  now  established  there.  In  this  political  and  social 
environment,  the  abalone  aquaculture  industry  must  respond  to 
production,  political,  and  environmental  concerns.  Intense  scrutiny 
because  of  public  concern  about  activities  that  occur  around  the 
ocean  is  a  reality. 

The  commercial  fishery  closures  are  in  effect  for  the  next  10  y 
(Thompson  1997).  CDFG  biologists  are  required  to  complete  an 
abalone  management  plan  for  recovery  of  the  resource  and  pro- 
posals for  a  sustainable  fishery,  if  possible,  by  the  year  2003.  With 
the  fishery  closed  by  legislation,  the  aquaculture  industry  and  im- 
ports will  be  the  only  sources  of  abalone  in  California. 

In  general,  the  relationship  between  the  abalone  dive  fishery 
and  aquaculture  industry  has  been  positive.  Commercial  abalone 
divers  have  entered  the  aquaculture  industry,  and  many  have  been 
involved  in  large-scale  reseeding  projects  or  research  and  de\el- 


opment  businesses.  In  Baja  California  and  Baja  California  Sur,  the 
abalone  fishermen  support  the  hatcheries  and  seed  production 
through  their  fishing  cooperatives.  They  also  complete  most  of  the 
dive  surveys  to  evaluate  the  seeding  projects,  working  closely  with 
fishery  biologists. 

One  of  the  advances  of  the  abalone  aquaculture  industry  since 
the  review  by  Ebert  ( 1992)  is  the  reliable  production  of  sufficient 
seed  to  supply  industry  needs.  Investment  in  hatchery  and  nursery 
systems  has  resulted  in  production  of  a  wide  range  of  seed  sizes, 
suitable  for  land-based  and  in-waler  production  systems.  In  Baja 
California,  seed  production  has  increased  sub.stantially  with  the 
establishment  of  two  commercial  farms  near  Ensenada.  Reduced 
seed  production  in  1994  may  have  resulted  from  the  weak  El  Niiio 
of  1992  to  1994.  Negative  effects  on  abalone  broodstock  condi- 
tion, and/or  detection  of  the  introduced  sabellid  worm  in  cultured 
abalone  stocks,  may  have  resulted  in  reduced  spawn  inductions 
and  limitation  of  seed  sales. 

Custom  seed  production  has  begun,  where  abalone  farms  sup- 
ply hatcheries  with  broodstock  from  their  inventory  and  receive 
seed  from  those  parent  stocks.  In  this  way,  seed  cultured  to  market 
size  in  Crescent  City  or  San  Diego  exhibits  improved  survival  and 
growth  characteristics.  The  seed  production  potential  of  the  indus- 
try may  allow  ocean-reseeding  efforts  on  a  scale  unthought  of  in 
the  1980s,  providing  all  genetic  and  pathological  issues  are  re- 
solved. 

The  life  cycle  of  the  abalone  has  been  closed  for  over  20  y 
(Kikuchi  and  Uki  1974,  Morse  1977,  Ebert  and  Houk  1984).  How- 
ever, genetically  improved  strains  resulting  from  aquaculture  pro- 
duction have  not  been  developed.  Improved  strains  of  abalone 
selected  or  engineered  for  such  traits  as  growth,  meat  yield,  and 
disease  resistance  could  have  a  very  beneficial  effect  on  industry 
development.  Little  is  known  about  the  genetic  and  phenotypic 
relationships  of  abalone.  Breeding  goals  must  be  defined  precisely 
for  the  species  and  situation.  For  example,  identification  of  larval, 
juvenile,  and  adult  traits  should  be  considered.  Traits  of  highest 
priority  may  be  more  rapid  growth  rates  or  greater  disease  resis- 
tance. Some  genetic  concerns  may  be  managed  in  hatcheries  and 
growout  facilities;  others  are  more  research  oriented  and  may  re- 
quire university  or  government  laboratory  support. 

There  is  not  yet  much  documentation  to  demonstrate  the  eco- 
nomic gains  that  could  be  made  from  genetic  improvements  in 
abalone.  but  there  is  general  agreement  that  economically  impor- 
tant results  could  be  produced  through  traditional  cross-breeding 
and  inbreeding  plans,  use  of  ploidy  manipulations,  biotechnology, 
or  combinations  of  these  methods.  The  time  may  be  ripe  to  incor- 
porate genetic  improvements  in  the  development  of  the  abalone 
aquaculture  industry  for  marketing,  production,  and  price  improve- 
ments. The  relatively  long  production  cycle  of  abalone,  requiring 
3-5  y  from  larval  stages  to  market  size  certainly  warrants  exami- 
nation of  the  genetic  improvements  possible  for  abalone. 

Nutritional  issues  cited  as  constraints  to  the  abalone  industry  in 
1995  (Fitzsimmons)  and  in  this  study  are  mostly  due  to  lack  of 
prepared  feeds.  Some  prepared  feeds  may  be  superior  to  natural 
diets.  They  can  be  formulated  to  standard  composition  and  maxi- 
mal production.  They  can  eliminate  dependency  on  natural  feeds, 
which  often  have  variable  nutrient  content,  and  possible  environ- 
mental effects  from  harvesting.  Cost  is  an  issue.  Some  prepared 
feeds  exhibit  high  loss  and  waste,  resulting  in  an  expensive  prod- 
uct. 

In  the  long  run,  prepared  diets  are  less  expensive  in  commercial 
application,  although  in  the  experimental  phase,  they  are  generally 
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nol.  For  example,  iho  eatlisli.  a  eainnore.  is  grown  wuh  pellet 
diets  that  contain  little  or  no  fish  meal  (Bardach  1996).  This  allows 
greater  sustainabilit\  ot  the  catfish  industry.  Similarly,  develop- 
ment of  prepared  diets  I'or  the  abalone  a(.|iiaeiilture  industry  would 
reduce  user  conflicts  regarding  the  kelp  resource  and  assist  the 
CDFG  with  its  overall  mandate  to  protect  and  preserve  the  funda- 
mental integrity  of  the  coastal  ecosystem.  Storms  and  El  Niiio 
events  would  not  he  a  threat  to  an  industry  using  prepared  diets. 

Currently,  kelp  is  a\ailable  in  sufficient  quantity,  but  social 
considerations  and  multiple-use  conflicts  combine  to  identify  kelp 
supplies  as  an  important  consideration  for  the  future  of  the  indus- 
try. Farms  operating  partially  or  entirely  in  an  urban  environment 
often  encounter  resistance  over  such  activities  as  kelp  harvest. 
Controversy  over  kelp  harvest  i.s  currently  localized. 

Another  issue  related  to  kelp  concerns  El  Nifio  oceanographic 
conditions.  In  this  region.  El  Nifio  conditions  include  deeper  ther- 
moclines.  e.xposing  kelp  plants  to  warm  temperatures  and  low 
nutrients  for  months.  Healthy  M.  pyrifeni  populations  are  influ- 
enced by  the  relationship  between  seawater  temperature  and  nu- 
trients (Tegner  and  Dayton  1987).  El  Nifio  conditions  cause  wide- 
spread destruction  of  M  pyvifera  (Dayton  and  Tegner  1984)  and 
could  affect  the  abalone  aquaculture  industry. 

The  dynamic  nature  of  the  kelp  resource  is  reflected  in  the  total 
harvest  values.  In  1990.  the  harvest  was  among  the  highest  since 
industrial  harvesting  began  in  1912.  During  1990  and  1991. 
oceanographic  conditions  were  cold.  La  Nina  conditions  (Glantz 
1996).  Aquaculture  harvest  of  algae  in  1996  exceeded  the  total 
industrial  harvest  in  1983.  at  the  height  of  the  1982  to  1984  El 
Niiio  (Table  4).  Kelp  harvesting  and  abundance  issues  indicate  the 
importance  of  prepared  diet  development  for  consistent  industry 
production  and  development. 

Abalone  aquaculture  is  a  substantial  industry  and  makes  sig- 
nificant contribution  to  local  economies,  environmental  steward- 
ship, and  technological  advances.  Despite  lack  of  genetically  im- 
proved stocks  and  prepared  diets,  abalone  of  market  size  have  been 
sold  on  domestic  and  international  markets  in  significant  quantities 
since  1982.  resulting  in  sales  of  over  3  million  US  dollars  annually 
since  1993  (Fig.  3).  This  reflects  years  of  dedication  (approxi- 
mately 162  y  of  cumulative  experience  in  the  industry)  that  have 
been  directed  to  culturing  abalone. 

The  importance  of  abalone  to  coastal  water  quality  is  seen  in 
the  use  of  the  abalone  bioassay  protocol  for  compliance  testing 
w  ithin  the  regulations  of  the  Clean  Water  Act  (1972).  Abalone  are 
representative  of  species  found  in  receiving  waters.  They  can  be 
held  in  laboratory  aquaria  and  readily  spawned  to  provide  larvae 
for  the  discharge  permit  testing  requirements.  When  the  5-y  per- 
mits are  renewed  by  the  State  Water  Quality  Control  Board  for 
industrial  and  municipal  discharge,  the  abalone  test  is  specified  as 
a  requirement  because  abalone  larvae  are  the  most  sensitive  to 


aninioiiia  ot  the  invertebrate  species  with  developed  bioassay  pro- 
tocols. 

Diversification  of  culture  systems  and  reliable  seed  production 
increased  production  between  1989  and  1997.  The  ocean  beyond 
has  beckoned  aquaculturists  for  cultivation  (Stickney  1997).  and 
abalone  aquaculturists  are  no  different.  Several  farms  have  devel- 
oped in- water  growout  facilities  and  contributed  21.7%  of  the 
production  of  market-sized  abalone  in  1996.  Sales  from  the  in- 
water  growout  facilities  were  mainly  to  domestic  markets.  The 
production  of  the  land-based  farms  provided  the  majority  of  pro- 
duction and  was  primarily  sold  to  international  markets. 

Concerns  about  global  competition  expressed  by  some  growers 
should  probably  be  addressed  on  an  industry-wide  basis  because 
all  abalone-producing  countries  focus  their  marketing  efforts  on 
one  or  two  markets.  The  supply  is  most  likely  still  less  than  the 
demand,  but  quality  issues  and  consistency  of  supply  to  Asian 
markets  remain  critical.  For  North  American  abalone  products  to 
remain  competitive  in  world  markets,  technology  and  engineering 
systems  will  need  to  be  developed  to  compensate  for  the  relatively 
high  costs  of  labor  and  coastal  land. 

The  increase  in  the  number  of  farms  in  the  region  and  the 
steadily  increasing  seed  production,  despite  production  setbacks 
with  the  sabellid  worm  and  lack  of  prepared  feeds,  are  positive 
signs  for  the  abalone  industry  in  the  Californias.  The  industry  has 
overcome  seed  supply  issues  and  has  developed  a  level  of  culture 
technology  that  is  suitable  to  permit  improvements  in  efficiency. 
Overall,  the  industry  has  matured  to  a  point  where  farms  can  truly 
make  profits  selling  abalone.  Historically,  results  of  institutional 
and  university  research  in  areas  such  as  spawn  induction,  larval 
rearing,  physiology,  metainorphosis,  and  settlement  have  been  suc- 
cessfully applied  in  the  industry.  This  interaction  of  industry  and 
academic  research  will  continue  in  this  region  and  will  remain  one 
of  the  strengths  in  industry  expansion. 
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Abalone  farming  is  a  relatively  new  activity  in  South  Africa, 
having  only  really  started  in  the  late  1980s,  after  Genade  et  al. 
(1988)  demonstrated  that  it  was  possible  to  spawn  the  South  Af- 
rican abalone  species.  Haliotis  iiiidoe.  in  captivity.  After  this,  re- 
search results  indicated  that  growth  rates  and  food  conversion 
efficiencies  were  sufficient  to  make  farming  feasible,  and  several 
fishing  companies  initiated  farming  projects.  In  reviewing  the  cur- 
rent status  of  abalone  farming  in  South  Africa,  it  may  be  useful  to 
consider  farming  production  in  relation  to  the  current  South  Afri- 
can harvest  fishery  for  H.  inidae. 

Six  species  of  abalone  occur  in  South  Africa  but  most  are  either 
too  small  or  too  difficult  to  harvest  or  occur  in  insufficient  num- 
bers to  be  harvested  commercially.  H.  midae  is  the  only  South 
African  species  for  which  a  commercial  fishery  exists.  Historical 
catch  statistics  (Tarr  1989)  reveal  that  up  to  2.800  tons  fresh 
weight  per  year  were  landed  in  the  mid-1960s,  but  since  1971.  a 
quota  system  has  limited  commercial  catches  to  a  little  over  600 
tons  per  year,  a  level  of  exploitation  that  appears  to  have  been 
sustainable  until  recently.  Over  the  past  few  years,  however,  in- 
creased exploitation  by  both  recreational  divers  and  illegal  poach- 
ers has  greatly  increased  the  demand  on  the  resource.  At  the  same 
time,  ecological  changes,  including  altered  numbers  of  sea  urchins 
and  rock  lobsters,  also  seem  to  have  negatively  affected  the  aba- 
lone resource  in  some  areas.  The  combined  effects  of  these  in- 
creasing pressures  on  the  abalone  resource  have  resulted  in  the 
authorities  recommending  a  reduced  Total  Allowable  Catch  for 
1997.  Fishing  companies  involved  in  abalone  harvesting  have  little 
prospect  of  increased  quotas  in  the  future,  and  it  is  with  this  back- 
ground that  several  of  them  have  turned  to  abalone  aquaculture  as 
a  possible  expansion  alternative. 

South  Africa  has  a  very  long  coastline,  running  from  its  border 
with  Namibia,  on  the  West  Coast,  to  its  border  with  Mozambique, 
on  the  East  Coast.  Commercial  abalone  fisheries  occur  only,  how- 
ever, along  the  southwestern  coast  of  the  country.  Commercially 
exploitable  densities  of  abalone  occur  in  this  region  in  association 
with  huge  nearshore  kelp  beds.  Not  surprisingly,  the  majority  of 
South  Africa's  abalone  farms  have  also  been  established  along  the 
southwestern  part  of  the  coastline,  although  some  famis  are  being 
developed  as  far  north  as  Port  Nolloth.  on  the  West  Coast,  and  as 
far  east  as  Port  Elizabeth  on  the  Southeast  Coast.  There  are  now 
nine  farms  registered  with  the  Abalone  Fanners  Association  of 
Southern  Africa,  and  these  farms  vary  in  size  from  fully  integrated 
hatchery/nursery/on-growing  operations  to  smaller  units  designed 
solely  as  on-growing  sites.  One  farm,  located  in  Port  Nolloth.  has 
also  started  an  abalone  ranching  operation.  None  of  the  farms  has. 
as  yet,  reached  full  production  capacity,  but  it  is  predicted  that  the 
total  combined  production  from  the  five  or  so  largest  farms  will  be 
about  500  tons/y.  Planned  production  from  individual  fanns  ranges 
from  about  30-100  tons/y.  Although  small  quantities  of  product 
have  been  exported  since  about  1996,  it  is  unlikely  that  the  500-ton 
production  target  will  be  reached  until  at  least  the  year  2000. 

All  farm-produced  abalone  in  South  Africa  are  intended  for  the 


export  market,  and  current  farm  permits,  in  fact,  prevent  the  sale  of 
farmed  abalone  within  South  Africa.  Most  producers  will  be  aim- 
ing to  sell  their  product  at  sizes  between  80  and  100  mm.  and 
because  this  is  smaller  than  the  minimum  harvestable  size  for 
naturally  harvested  abalone  ( 1 1.43  cm),  the  prohibition  of  selling 
farmed  abalone  within  the  country  is  aimed  at  preventing  the  il- 
legal harvesting  of  undersized  animals.  The  majority  of  producers 
plan  to  export  live  abalone  to  countries  in  the  east,  mainly  Japan. 
Although  the  flying  time  to  Japan  is  about  36  h,  experiments  have 
shown  that,  with  correct  handling  and  packing  techniques,  live 
animals  can  be  delivered  to  markets  with  little  mortality. 

Because  most  of  the  South  African  farms  are  less  than  5  y  old. 
technologies  have  generally  been  adapted  from  those  existing  in 
Japan  or  the  United  States.  Because  specimens  of  adult  H.  midae 
caught  from  the  wild  are  difficult  to  spawn,  most  farms  maintain 
a  broodstock  in  conditioning  tanks  before  spawning.  Once  mature, 
animals  are  generally  spawned  by  the  hydrogen  peroxide  method 
(Morse  et  al.  1977).  Most  farms  use  the  Japanese  plastic  plate 
system  for  larval  settlement,  but  many  different  versions  of  this 
technology  are  in  use.  Plates  are  normally  preconditioned  with 
naturally  occurring  diatoms,  and  the  diatom  over-story  (Matthews 
and  Cook  1995)  is  usually  removed  with  high-pressure  water  be- 
fore the  larvae  are  settled.  As  far  as  can  be  ascertained.  South 
African  farms  generally  do  not  use  -y-aminobutyric  acid  (Morse  et 
al.  1979)  to  induce  settlement,  but  rather  opt  for  settlement  induc- 
tion with  natural  diatom  biofilms. 

Several  farms  have  reported  that  low  postlarval  survival  after 
settlement  is  currently  one  of  the  most  serious  constraints  to  suc- 
cessful farm  operation.  Many  farms  suffer  considerable  lar\  al  mor- 
tality once  the  postlarvae  have  grazed  all  available  benthic  diatoms 
on  the  plates.  Provision  of  sufficient  diatoms  to  feed  grazing  post- 
larvae,  or  the  provision  of  an  artificial  diet  at  this  stage,  is  an  area 
of  active  research  in  South  Africa  at  present. 

Other  than  the  ranching  operation  at  Port  Nolloth.  all  current 
South  African  farms  use  a  pump-ashore,  land-based,  on-growing 
system.  The  South  African  coastline  has  few  protected  bays  and 
generally  suffers  severe  swells  and  wave  action.  On-growing  sys- 
tems using  in-water  baiTels  or  cages  are  probably  not  practical  in 
this  environment.  One  advantage  of  the  South  African  coastal 
environment,  however,  is  that  much  of  it  is  relatively  free  of  in- 
dustrial or  domestic  pollution  and  locations  where  abalone  farms 
are  situated  usually  have  relatively  good  water  quality.  Because 
most  farms  are  located  in  the  southwestern  part  of  the  country, 
close  to  adequate  supplies  of  kelp,  they  generally  use  this  to  feed 
the  abalone  stock.  In  other  areas,  such  as  the  eastern  cape,  where 
kelp  supplies  are  not  available  locally,  alternative  feeding  regimens, 
such  as  use  of  cultured  Gnicilaria  or  use  of  artificial  food,  are 
being  investigated.  One  such  artificial  abalone  food  is  being  pro- 
duced and  marketed  by  a  South  African  company. 

An  interesting  recent  development  has  been  the  establishment 
of  an  abalone  ranching  operation  in  Port  Nolloth  on  the  South 
African  West  Coast.  Hatchery-produced  juveniles  are  reared  in 
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nursery  tanks  to  a  length  of  about  10-14  mm  and  then  placed  by 
divers  onto  suitable,  shallow,  near-shore  reefs.  Results  of  a  recent 
pilot  study,  canied  out  by  researchers  from  the  University  of  Cape 
Town,  have  indicated  an  extremely  good  survival  rate  and  growth 
rate  of  seeded  animals,  and  initial  indications  suggest  that  the 
operation  will  be  economically  viable.  Certain  legal  aspects,  with 
regard  to  ownership  of  seeded  stock,  are  still  under  investigation. 

An  account  of  the  current  status  of  abalone  farming  in  South 
Africa  would  not  be  complete  without  mention  of  some  of  the 
problems  that  have  been  experienced  so  far.  Because  abalone  are 
not  filter  feeders,  they  have  not  usually  been  considered  to  be 
affected  by  the  toxic  red  tides  that  are  known  to  negatively  affect 
bivalves.  In  abalone  hatcheries,  where  water  is  normally  filtered 
before  entering  the  tanks,  there  should  be  even  smaller  chance  of 
toxic  algal  contamination.  Some  recent  evidence  suggests,  how- 
ever, that  at  least  one  species  of  toxic  algae  found  in  South  African 
waters  may  release  some  of  its  toxin  into  the  water,  and  mortalities 
of  larvae  in  some  hatcheries  have  been  experienced  at  such  times. 
Little  is  yet  known  of  the  mechanism  of  this  toxicity,  but  research 
is  currently  being  undertaken  to  investigate  the  problem.  One  par- 
ticularly bizarre  manifestation  of  the  red  tide  problem  occurs  at 
some  isolated  locations  on  the  West  Coast,  where  the  decay  of 
intense  red  tide  blooms  occasionally  results  in  anoxic  seawater 
conditions  and  subsequent  spectacular  kills  of  subtidal  animals 
such  as  rock  lobsters.  Although  such  events  have  not  yet  affected 
abalone  farming  or  ranching  operations,  their  occasional  occur- 
rence at  specific  locations  should  not  be  ignored. 

The  parasitic  sabellid  worm,  which  has  recently  caused  severe 


problems  in  Califomian  abalone  fanns,  is  indigenous  to  South 
Africa.  Some  time  ago,  it  became  a  problem  in  South  African 
farms,  especially  where  unacceptably  high  stocking  densities  were 
combined  with  poor  hygiene  and  water  quality  in  farm  tanks. 
Recent  improvements  in  hygiene  and  husbandry  in  tanks  have, 
however,  considerably  improved  the  situation.  Because  the  worm 
is  found  naturally  in  a  range  of  South  African  intertidal  molluscs, 
it  is  unlikely  that  it  can  ever  be  completely  eliminated  from  South 
African  farms,  especially  where  broodstock  is  obtamed  from  wild 
stocks.  Experience  has  shown,  however,  that  good  farm  design  and 
good  animal  husbandry  can  reduce  infestation  to  acceptably  low 
levels,  and  it  seems  unlikely  that  the  sabellid  will  continue  to  be  a 
problem  in  South  African  farms  in  the  future. 

Although  not  a  legal  requirement,  most  South  African  abalone 
farms  are  members  of  the  Abalone  Farmers  Association  of  South- 
em  Africa.  This  organization  acts  as  an  interface  between  farmers 
and  regulatory  authorities  such  as  the  Department  of  Environment 
Affairs:  Directorate  of  Sea  Fisheries,  through  which  permits  to 
operate  abalone  farms  are  issued.  A  number  of  problems  still  exist 
with  the  legal  and  administrative  framework  within  which  abalone 
farms  operate.  For  example,  permits  are  currently  issued  on  an 
annual  basis  and  must  be  renewed  each  year,  a  situation  that  is 
unacceptable  to  many  potential  investors  in  the  industry.  A  new 
fisheries  policy  is  currently  being  developed  in  South  Africa,  and 
for  the  first  time,  mariculture  is  specifically  mentioned.  Because 
investment  in  the  South  African  abalone  farming  industry  is  now 
in  excess  of  R80  million,  abalone  farmers  will  obviously  play  a 
significant  role  in  the  development  of  this  new  policy. 
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.ABSTRACT  .\  general  de.scription  of  the  introduction  of  red  abalone.  Halioris  rufescens  (Swainson,  1822)  into  Chile,  was  presented 
in  lysy  at  the  First  Abalone  Symposium.  Economic,  social,  and  environmental  factors  have  stimulated  the  development  of  the  culture 
of  species  with  a  high  commercial  value,  lil^e  the  red  abalone.  In  this  article,  we  analyze  its  present  situation  and  discuss  future 
perspectives  of  the  development  of  its  culture, 
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INTRODUCTION 

The  introduction  oi  Haliotis  rufescens  into  Chile  began  in  1977 
with  a  few  adults  for  laboratory  analysis  in  closed  systems  (Viviani 
1981,  Owen  et  al.  1984).  Ten  years  later,  the  development  of  its 
culture  started  with  the  first  proposal  to  evaluate  the  technical  and 
economic  feasibility  of  its  culture  in  suspended  cages.  At  the  same 
time,  this  project  involved  an  Environmental  Impact  Study  {EISl  to 
detemiine  the  effect  of  large-scale  intensive  culture  on  the  native 
environment.  The  culture  technology  has  been  based  on  a  barrel 
system  and  the  experimental  area  was  on  Chiloe  Island,  where  the 
EIS  was  conducted  and  where  abalone  culture  is  now  restricted. 
This  technical  approach  has  been  supported  principally  by  one 
institution:  Fundacion  Chile.  In  this  article,  we  will  describe  the 
history  of  the  last  10  y.  the  1997  situation  of  red  abalone  culture, 
and  its  future. 

HISTORY:  PAST  AND  PRESENT 

Godoy  et  al.  (1992)  described  some  factors  involved  in  red 
abalone  introduction:  (I)  overexploilalion  of  native  fisheries:  (2) 
technological  capability  to  produce  species  with  high  commercial 
value;  (3)  legal  conditions;  (4)  environmental  characteristics,  and 
(5)  social  aspects.  At  this  time,  these  factors  have  evolved  and 
changed  in  importance. 

Trends  in  Beuthic  Fisheries 

The  general  situation  of  the  native  benthic  fisheries  has  not 
changed  over  the  past  10  y.  The  1980s  showed  a  great  increase  in 
landings,  because  of  the  stimulus  of  nontraditional  exports,  and 
this  was  followed  by  a  fall  in  the  fishery  and  a  reaction  by  the 
fisheries"  administration,  which  included  imposing  additional 
regulations.  Al  present,  the  principal  benthic  fisheries  are  located 
in  southern  Chile,  father  than  43S  latitude.  Landings  of  "loco"  or 
the  "Chilean  abalone"  (Concholepas  concholepas.  Brugniere, 
1789)  increased  in  1986  and,  after  that,  decreased  when  the  fishery 
was  closed  temporarily.  From  1986  until  today,  the  minimum  com- 
mercial size  is  10  cm.  In  1987.  the  loco  fishery  was  opened  with 
a  single  country-wide  quota,  but  in  August  1988,  the  fishery  was 
closed  till  1992.  The  administration  of  this  fishery  changed  to  a 
regional  and  individual  quota  from  1993.  Region  X  (between  35° 
and  46°S)  has  been  the  most  important  area  for  "Chilean  abalone" 
exploitation. 


A  new  method  of  management  of  benthic  fisheries  has  been 
developed  recently.  Called  "Area  Management"  (Ley  General  de 
Pesca  y  Acuicultura  art.  48,  letter  d),  it  allows  fishing  communities 
to  establish  effective  rights  for  traditional  use,  along  the  Chilean 
coast.  This  new  vision  reestablished  the  possibility  of  developing 
fisheries  based  on  the  recovery  of  natural  stocks  of  native  benthic 
resources  (like  loco,  sea  urchin,  limpets,  etc.).  This  should  allow 
natural  repopulation  of  areas  for  use  by  fishermen  (Castilla  1988. 
Jerez  and  Potocnjak  1994)  without  the  exclusion  of  traditional 
cultural  activities. 

The  situation  with  regard  to  the  loco  fishery,  with  its  many 
regulations  and  little  possibility  to  predict  its  future,  has  stimulated 
research  on  its  artificial  production.  Universidad  Catolica  del 
Norte  and  Instituto  de  Fomento  Pesquero  (Di  Salvo  1988,  Di  Salvo 
1989,  Lara  and  Monies  1989,  Augsburger  et  al.  1990)  initiated  the 
development  of  loco  culture  technology,  but  only  at  a  pilot  scale. 
The  principal  problem  was  the  carnivorous  larvae  and  the  meta- 
morphosis stage.  In  the  last  years,  the  researchers  of  Putemun 
Laboratory  (Fishery  Development  Institute)  have  been  developing 
new  techniques  to  produce  20.(J00  larvae  in  a  culture  system  of  200 
L.  They  plan  pilot  production  of  50,000  seeds  of  I  cm  (Aquano- 
ticias  Intemacional,  1996).  An  interesting  and  more  complex  proj- 
ect in  the  culture  of  this  mollusc  involves  biotechnology  in  which 
cellular  and  molecular  biological  techniques  will  be  incorporated 
into  the  production  process  (Johow  1989). 

Trends  in  .Aquaciilture 

Trends  in  aquaculture  are  quite  different,  because  in  Chile, 
aquaculture  is  a  new  commercial  activity,  in  the  process  of  con- 
solidation (Compedio  de  la  Acuicultura  de  Chile,  1997).  The 
1980s  was  the  decade  of  aquaculture  development  in  Chile.  Since 
then,  all  related  activities  increased,  in  spite  of  an  unclear  legal 
framework.  In  1991,  La  Ley  General  de  Pe.sca  y  Acuicultura  N" 
18892  (Fishery  and  Aquaculture  General  Law)  was  promulgated. 
In  1994,  regulations  for  species  importation  were  published.  Dur- 
ing 1996.  another  complementary  law.  La  Ley  Bases  Generales  del 
Medioambiente  (The  General  Base  of  Environmental  Law),  was 
promulgated,  and  in  1997,  regulations  for  EIS  were  published. 
With  these  two  legal  references,  aquaculture  has  become  more 
stable  with  better  investment  prospects. 

Chilean  aquaculture  is  also  concentrated  in  X  Region,  with 
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TABLE  1. 

Total  landings  of  loco  flshery  in  Chile  and  the  X  Region 

Landings  (tons) 


Year 

Total 

X  Region 

Regulations 

1977 

14,161.0 

2,317(16.4%) 

Minimum  commercial  size 
(MCS) 

1978 

12.252.5 

1.300(10.6%) 

MCS 

1979 

18,004.0 

4.031  (22.4%) 

MCS 

1980 

24,856.0 

5.046(20.3%) 

MCS 

1981 

16,471.0 

4.972  (30.2%) 

MCS 

1982 

20,017.0 

7.643(38.2%) 

MCS 

1983 

15,990.0 

7.083  (44.3%.) 

MCS 

1984 

18.359.0 

9.204(50.1%) 

MCS 

1985 

10,528.0 

5,311  (50.5%) 

MCS 

1986 

6,357.0 

4.563(71.8%) 

Temporary  close  without 
quota  and  MCS 

1987 

21.235.0 

11.935(56.2%) 

Temporary  close  with 
quota  and  MCS 

1988 

11.180.0 

6.755  (60.4%) 

Total  close  (TO  and  MCS 

1989 

0.0 

0 

TC  and  MCS 

1990 

227.0 

59  (26%) 

TC  and  MCS 

1991 

218.0 

2IO(96.3%r) 

TC  and  MCS 

1992 

5.0 

5(100%.) 

TC  and  MCS 

1993 

8,574.0 

5,344(62.3%) 

Open  fishery 
Regional  and  indniduai 
quota  (R&IQ)  and  MCS 

1994 

8.111.0 

4.366(53.8%) 

R&IQ  and  MCS 

1995 

2,670.0 

1.570(58.8%) 

R&IQ  and  MCS 

1996 

2.541.0 

1.545(60.8%) 

R&IQ  and  MCS 

TABLE  2. 

Total  landing  of  macroalgae  (Laminariales)  in  Chile  (from 
Sernapesca,  1997) 

Year  Landing  (tons) 


1996 

1997 


201077 
1 74030 


'  (%)  =  Relative  percentage  to  total  landings. 


with  salmon  cages,  giving  a  polyculture  system.  Each  module 
could  produce  70  tons  (Alvial,  1994).  Other  experiments,  con- 
ducted by  Fundacion  Chile  on  artificial  feeds,  have  shown  that 
higher  yields  can  be  obtained  than  on  natural  feeds  (Compendio  de 
la  Acuicultura  de  Chile,  1997). 

The  management  of  the  red  abalone  culture  is  now  a  reality, 
technology  transfer  having  resulted  from  a  great  deal  of  effort  from 
Fundacion  Chile.  This  has  resulted  in  the  establishment  of  two 
companies — Semillas  Marinas  S.A..  which  is  involved  in  seed 
production,  and  Campos  Marinos  S.A.,  working  in  intermediate 
culture.  In  addition.  Salmo  America  S.A.  has  developed  an  abalone 
project  in  the  sea  with  the  idea  of  building  its  ow  n  hatchery,  and 
Pacific  Star,  one  of  the  important  salmon  companies,  began  its 
abalone  project  by  importing  technology  from  the  United  States 
and  will  produce  1  million  individuals  using  barrel  technology. 
Tables  2  and  3  show  the  total  landings  of  laminariales  in  Chile,  the 
potencial  natural  food  of  abalone  and  the  total  production  of  this 
molluscs  in  cultures  centres  in  southern  Chile.  Following  this  data 
and  Godoy  et  al  (1992).  the  total  macroalgae  production  (princi- 
pally laminarial  macroalgae  Macrocystis  pyrifera)  would  feed 
45000  tons/yr  of  abalone. 


69'7f  of  the  country's  total  aquaculture  concessions  being  located 
there.  This  industry  is  cuirently  sustained  mainly  by  salmon,  an 
industry  that  has  grown  quickly  during  the  last  decade,  reaching  a 
gross  production  of  141,000  tons  during  1995  (more  than  50<7r  of 
total  aquaculture  production,  providing  about  30%  of  the  total 
income  of  the  Chilean  fishery  sector).  Aquaculture  directly  sup- 
ports 23.500  employees.  63.8%  of  them  in  the  salttion  industry. 
The  salmon  market  has  shown  some  piice  variability  in  the  last  3 
y,  and  the  FOB  price  having  declined  from  its  1995  level  of 
US$4.99/kg.  The  future  of  the  salmon  industry  is  based  principally 
on  adding  value  to  its  products  and  expanding  its  investments  to 
other  species  with  high  cotnmercial  value. 

The  Red  Abalone  Silualion  and  Us  Future  Production 

Fundacion  Chile  began  experimental  culture  of  the  red  abalone 
H.  rufescens  during  1987,  and  between  1989  and  1992.  an  EIS  was 
carried  out  in  southern  Chile.  The  Fishery  Subsecretary  approved 
this  study  and  allowed  the  culture  of  red  abalone  in  a  restricted 
area  of  Chiloe  Island  (between  41"  and  46°S).  Initial  experiments 
were  performed  with  imported  seed  and  adults,  but  the  present  plan 
is  to  close  the  life  cycle  in  Chile  so  that  it  will  no  longer  be 
necessary  to  import  other  species  or  their  associated  diseases.  For 
this  reason,  in  1993.  Fundacion  Chile  started  commercial  produc- 
tion of  red  abalone  seeds  at  "■Semillas  Marinas  S.A."  in  Las 
Cruces,  a  central  region  of  Chile,  with  adults  from  the  experimen- 
tal culture. 

The  culture  system  is  based  on  the  well-known  barrel  technol- 
ogy, using  rafts  with  plastic  hanging  tanks  (Hahn  1989,  Shepherd 
et  al.  1992).  An  additional  benefit  is  that  the  system  can  be  united 


DISCUSSION 

In  recent  years,  the  Chilean  loco  fishery  produced  \ery  \ ariable 
landings  and  today  is  controlled  with  global  and  individual  quotas, 
which  has  allowed  repopulation  of  exploited  areas  without  the 
introduction  of  culture  systems.  In  general,  the  history  of  aquacul- 
ture in  Chile  in  the  1980s  was  quite  explosive  because  of  the 
development  of  the  saltiion  industry,  which,  in  1997.  produced  the 
world's  second  greatest  quantity  of  salmon.  This  industry  will 
improve  investment  returns  by  adding  value  to  product  or  by  di- 
versifying species.  For  this  reason,  and  because  they  have  the 
economic  power,  the  principal  interest  in  red  abalone  culture 
comes  frotn  the  salmon  industry.  Its  international  position  in  the 
aquaculture  market,  with  production  in  clean  and  noncontatninated 
water,  inside  of  a  recent  legal  framework,  and  with  an  improved 
labor  market,  gives  some  economic  advantages  to  future  products. 

Following  the  introduction  of  red  abalone  into  the  southern  part 
of  Chile,  there  are  now  plans  to  expand  its  culture  northward  if  this 


TABLE  3, 
Total  production  of  abalone  in  Chile  (from  Sernapesca,  1997) 


Year 


Production  (tons) 


1996 

1997 
1998 


8 

1 

30* 


*  Production  troni  d  privates  culture  centres  (Alberto  Reyes,  Fundacion 
Chile,  coin.  pers.). 
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can  be  accommodated  within  the  legal  constraints.  It  is  clear  that 
the  full  life  cycle  of  the  red  abalone  must  be  incorporated  into 
Chilean  fanns.  Some  aspects  of  the  industry  are  still  secret,  but 
results  suggest  that  good  growth  rates  are  being  obtained.  Macro- 
cystis  pyrifera  has  been  used  as  the  principal  natural  food,  and  its 
exploitation  is  not  regulated  in  Chile,  the  abalone  industry  opening 
new  markets  for  the  dried  product.  .Artificial  food  is  an  alternative. 
but  of  course,  it  is  more  expensive  than  natural  algae.  Fundacion 
Chile  has  been  testing  its  own  artificial  food  with  good  results. 
Chile  has  a  diversity  of  subtidal  macroalgae,  but  many  have  eco- 
nomic value  and  new  regulations  and  controls  can  be  expected  for 
them.  GodoN  et  al.  ( 1992)  suggested  that  3.8  ton/_\r  of  algae  would 
be  needed  for  1  ton/\r  of  abalone  production.  The  total  landing  of 


macroalgae  shown  above  could  be  a  great  "mine"  of  natural  food, 
but  the  future  macroalgae  supply  could  be  restricted  by  cata- 
strophic events  like  El  Nifio.  pollution.  alu\ium.  and  the  human 
exploitation  to  obtain  natural  subproducts. 

Future  development  of  the  red  abalone  industry  in  Chile  will 
include  increased  production  in  the  sea.  local  seed  production,  use 
of  natural  algal  foods  based  on  local,  noncommercial  species,  or 
the  use  of  cheap  artificial  food,  and  the  opening  of  alternative 
markets  in  America.  Fundacion  Chile  will  continue  to  support  the 
abalone  industry  with  government  funds  for  the  next  2  y.  with  the 
intention  of  demonstrating  the  viability  of  the  abalone  business  to 
existing  salmon  companies. 
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ON-GROWING  CULTURED  ABALONE  (HALIOTIS  IRIS)  IN  NORTHERN  NEW  ZEALAND 
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ABSTRACT  Hatchery-reared  paua  (Huliotis  iris]  were  held  for  10(1  days  under  two  experimental  regimens  m  northern  New  Zealand 
to  determine  the  best  system  for  on-growing.  The  paua  were  kept  in  small  baskets  suspended  in  larger  tanks,  which  allowed  assessment 
of  growth  and  monality  with  three  different  diets  (two  artificial  and  one  natural)  and  three  different  stocking  densities.  For  all 
treatments,  paua  held  inside  a  building  with  constant  darkness  showed  significantly  better  growth  than  did  those  kept  outside  under 
natural  (although  shaded)  light.  Shell  increments  were  20-30%  greater  inside,  but  weight  gains  were  only  half  this.  Paua  fed  either  of 
the  artificial  foods  consistently  grew  better  than  did  those  fed  dried  Gracilaria.  and  growth  was  always  better  at  lower  stocking 
densities.  However,  variable  and  often  high  mortality  (40-50%),  both  inside  and  outside,  made  it  difficult  to  use  the  experimental 
results  on  growth  to  determine  optimal  on-growing  conditions.  The  implications  of  this  for  further  experiments  and  for  designing 
appropriate  systems  for  on-growing  paua  in  the  warm  waters  of  northeastern  New  Zealand  iue  discussed. 

KEY  WORDS:     Haliolis  iris,  growth,  survival,  aquaculture.  northern  New  Zealand 


INTRODUCTION 

Light  lias  been  identified  as  an  important  influence  regulating 
diel  feeding  patterns  and  other  biological  activities  in  marine  in- 
vertebrates (McFarland  1986,  Marcus  1986).  Wild  abalone  juve- 
niles (<40  mm)  of  many  species  are  cryptic  by  nature,  preferring 
to  shelter  beneath  boulders  and  cobbles  during  the  day  and  emerg- 
ing at  night  to  forage  (Hahn  1989).  When  grown  in  the  dark,  the 
absence  of  a  diel  photoperiod  provides  the  opportunity  for  indi- 
vidual abalone  to  forage  for  extended  periods.  Conversely,  abalone 
cultured  outside  are  exposed  to  sunlight,  which  may  be  damaging 
to  photoreceptors  or  physiologically  stressful  to  the  animal  be- 
cause of  such  things  as  greater  temperature  fluctuations.  Animals 
reared  under  natural  light  conditions  also  may  benefit  from  the 
growth  of  microalgae  on  the  surfaces  within  holding  tanks,  which 
may  provide  a  dietary  supplement. 

Once  the  primary  situation  under  which  abalone  are  to  be  held 
has  been  determined,  there  are  a  number  of  other  factors  that  need 
to  be  investigated  in  order  to  determine  optimal  growing  condi- 
tions for  a  particular  species  in  a  particular  location  (i.e.,  fastest 
growth  with  lowest  mortality).  These  include  stocking  density 
(Mgaya  and  Mercer  1995),  food  type  (Day  and  Fleming  1992), 
feeding  regimen,  (Mai  et  al.  1994.  Mai  et  al.  1995a,  Mai  et  al. 
1995b,  Mercer  et  al.  1993.  Uki  and  Watanabe  1992).  water  tem- 
perature (Hecht  1994.  Leighton  1974.  Shpigel  et  al.  1996),  and 
flow  rate  (Gaty  and  Wilson  1986.  Hahn  1989).  Ideally,  all  of  these 
factors  should  be  examined  simultaneously  to  allow  the  investiga- 
tion of  interactions  among  factors;  for  instance,  abalone  may  do 
well  on  one  type  of  food  in  one  sort  of  tank  when  held  at  low 
temperatures  but  perform  poorly  on  the  same  type  of  food  when 
held  at  high  temperatures  in  a  different  sort  of  tank.  In  practice, 
such  complex,  multifactorial  experimental  designs  are  rarely  pos- 
sible, and  abalone  fanners  often  rely  on  trial-and-error  to  develop 
their  growout  protocols.  When  starting  a  new  venture,  however,  it 
is  obviously  advisable  to  do  some  preliminary  trials  on  at  least 
some  of  the  critical  factors. 

Farming  of  the  New  Zealand  paua  (Haliotis  iris)  is  relatively 
new.  Techniques  for  reliably  spawning  broodstock  and  settling 
larvae  were  successfully  developed  during  the  late  1970s  (Tong 


1980.  Tong  and  Moss  1992.  Tong  et  al.  1992).  and  several  farms 
have  been  set  up  in  the  past  decade  (Holmes  1997.  Schiel  1997). 
most  of  them  in  the  past  4  y  and  in  the  cool  temperate  waters  of 
southern  New  Zealand,  where  most  of  the  natural  paua  resource  is 
located  (Schiel  1992).  Because  naturally  occurring  juvenile  paua 
have  been  found  to  grow  faster  in  wanner  northern  waters  (Hooker 
et  al.  1997).  there  is  interest  in  on-growing  cultured  paua  north  of 
Auckland.  This  will  pose  some  constraints,  however.  First,  in- 
creased air  temperatures  and  inadiance  may  preclude  growing 
them  in  outdoor  tanks.  Second,  fresh  seaweed  is  not  readily  avail- 
able from  northern  coastal  waters,  and  artificial  diets  or  dried 
seaweed  will  be  needed.  Finally,  the  warmer  water  may  dictate 
stocking  densities  lower  than  those  used  further  south.  Here,  we 
report  on  preliminary  experiments  to  investigate  the  effects  of 
these  three  factors  (growout  environment,  diet,  and  stocking  den- 
sity) on  the  growth  and  mortality  of  cultured  H.  iris  juveniles 
reared  in  northern  New  Zealand. 

MATERIALS  AND  METHODS 

H.  iris  used  in  this  experiment  were  reared  in  a  commercial 
hatchery  in  New  Plymouth  and  transfened  to  the  Leigh  Marine 
Laboratory  (36°20'S.  174°46'E)  at  16-24  mm  shell  length  and  an 
age  of  18  mo.  Experimental  juveniles  were  held  in  plastic  baskets 
(16  X  16  X  12  cm),  suspended  in  holding  tanks  (2  x  1.2  x  0.3  m) 
with  a  seawater  flow  rate  of  12  L/min.  One  growing  regimen  was 
set  up  inside  (consisting  of  a  room  in  continuous  darkness),  and 
one  was  set  up  outside  (under  a  shadecloth  shelter  in  natural  sun- 
light). Inside  illumination  was  provided  by  a  100-W  fluorescent 
tube,  sheathed  to  provide  "red  light."  because  marine  inverte- 
brates are  unable  to  detect  red  light  (Cronin  1986).  Two  holding 
tanks,  located  within  each  growing  environment,  provided  a  com- 
parison between  tanks,  but  also  insurance  if  high  mortalities  were 
to  occur  in  a  particular  tank.  Each  tank  contained  20  baskets, 
allowing  for  four  replicates  of  each  of  five  treatments.  Two  ex- 
periments were  run  simultaneously.  The  first  investigated  the  ef- 
fects of  diet  with  a  con.stant  stocking  density:  the  second  examined 
the  effects  of  stocking  density  with  the  same  diet.  The  experiments 
ran  from  mid-December  1996  until  mid-March  1997  (the  austral 
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Figure  1.  Sea  surface  temperature  (SST)  and  solar  radiation  (MJ/m") 
experienced  at  Leigh,  between  October  1996  and  September  1997. 
Measurements  are  recorded  daily  at  the  Leigh  Marine  Laboratory. 


summer),  when  solar  radiation  and  surface  seawater  temperatures 
are  highest  (Fig.  1).  All  individuals  were  identified  by  numbered 
plastic  tags  (Hallprint  Ltd.  Australia)  attached  to  the  shell  with 
cyanoacrylate  glue.  Ten  paua  were  taken  from  each  replicate  bas- 
ket at  each  sampling  time  (Days  0.  31.  65,  and  99)  and  were 
measured  with  venier  calipers  (correct  to  0.1  mm)  and  weighed 
(correct  to  0.1  g)  after  blotting  to  remove  excess  water.  Dead 
animals  were  removed  on  a  twice-weekly  basis  and  replaced  with 
untagged  paua  to  maintain  densities. 

In  the  first  experiment,  growth  and  survival  of  juveniles  were 
compared  between  the  two  growout  regimens  for  three  diets:  Ab 
Feed  is  an  artificial  diet  with  a  fish  meal  base  (Britz  et  al.  1994); 
Makara  is  a  casein-based  food  developed  for  paua  (Wells  et  al. 
1996);  the  red  alga  Gracilaha  chilensis  (known  to  be  a  good  food 
for  paua;  Pickering  1986)  is  available  commercially  as  a  dried 
product.  A  low  stocking  density  of  155  abalone/m"  (10/basket) 
was  used  for  all  diet  treatments  to  eliminate  potential  complica- 
tions due  to  high  stocking  rates  (see  Mgaya  and  Mercer  1995). 

In  the  second  experiment,  abalone  growth  and  survival  were 
compared  for  juveniles  held  at  different  stocking  densities  of  155 
(low).  388  (medium),  and  775  abalone/m"  (high),  within  each 
growing  environment.  All  individuals  from  the  low-density  treat- 
ment and  10  individuals  from  each  of  the  medium-density  (25/ 
basket)  and  high-density  (50/basket)  treatments  were  repeatedly 
ineasured  throughout  the  trial.  Paua  in  all  density  treatments  were 
fed  the  Ab  Feed  diet,  and  all  treatments  were  fed  to  excess.  The 
low-density  treatment  also  represented  the  "Ab  Feed  treatment" 
in  the  first  (diet)  experiment. 

Data  from  the  diet  and  density  experiments  were  analyzed 
separately.  Data  were  tested  for  violations  of  the  assumptions  un- 
derlying analysis  of  variance  (ANOVA).  and  transformations  were 
made  if  necessary.  Differences  in  shell  length  between  treatments 
over  time  were  analyzed  with  a  repeated  measures  multifactorial 
ANOVA.  In  addition,  the  Huynh-Feldt  procedure  was  used  to 
adjust  the  F-test  probabilities  for  time  and  time  interaction  effects 
to  minimize  problems  with  nonindependence  of  data  (SAS  Insti- 


tute Inc.  1990).  Mean  values  for  significant  treatment  effects  were 
compared  with  Tukey's  test  (Zar  1984). 

Specific  growth  rate  (SGR)  is  a  widely  used  relative  measure  of 
growth  for  cultured  abalone  (Britz  1996.  Mgaya  and  Mercer  1995). 
SGR  was  calculated  for  shell  length  according  to  the  following 
equation  (Hopkins  1992): 

Gsi    =   {(In  SL,  -  In  SL,)/T)  x  100 

where  Gsl  is  '^r  shell  length  gained  per  day.  SLf  is  final  shell 
length.  SL,  is  initial  shell  length,  and  T  is  time  in  days  between 
measurements.  A  similar  index  for  body  weight  was  calculated  by; 

Gw  =   {(In  W,  -  In  W,)/T)  x  100 

where  G^  is  %  body  weight  gained  per  day,  W,  is  final  weight, 
and  W,  is  initial  weight. 

The  number  of  tagged  paua  remaining  in  each  basket  was  re- 
corded on  each  sampling  date.  These  data  were  converted  to  % 
survival  rates  among  diet  and  density  treatments  for  the  whole 
experimental  period  (i.e.,  99  days)  and  were  analyzed  with  a  nested 
ANOVA  design. 

RESULTS 

Effects  of  Diet  and  Growout  Environment 

In  both  growout  environments.  H.  iris  fed  either  of  the  two 
artificial  diets  grew  substantially  faster  than  did  paua  fed 
Cracilaria.  and  growth  on  Gracilaria  was  negligible  after  the  first 
30  days  of  the  trial  (Fig.  2).  Best  growth  was  obtained  inside,  with 
an  average  increment  on  the  artificial  feeds  of  approximately  10.5 
mm  after  99  days  (Table  1).  The  statistical  analysis  confirmed  a 
significant  effect  due  to  diet  and  also  to  growout  en\  ironment  (p  < 
0.001).  Tukey's  tests  identified  significant  differences  between 
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Figure  2.  Mean  growth  of  abalone  fed  three  commerciallv  available 
diets  and  cultured  under  two  growing  environments.  Error  bar  is 
standard  error  (n    »  19  abalone  per  treatment). 


H.   IRIS  IN  NORTHHRN  NEW  ZEALAND 


609 


TABLE  1. 
Mean  shell  lengths,  increments,  and  SGRs  of  paua  lor  diil  ;in(l  density  treatments  ongrown  inside  and  outside. 


Initial  Shell  Length 

Final  Shell  Length 

Shell  Increment 

Experiment 

(mm  ±  SE) 

(mm  ±  SE) 

(mm) 

GsL  ±  SE 

Inside 

Gracikiria 

IS.4±().3 

23.3  ±  0.3 

4.9 

().()X±().()1 

Makara 

IX.7±().4 

28.7  ±0.6 

10.0 

0.37  ±  0.03 

Ab  Feed* 

18.5  +  0.4 

29.6  ±  0.6 

11.1 

0.47  ±0.01 

Mid  densilv 

18.8  ±0.3 

28.6  ±0.5 

9.8 

0.40  ±  0.02 

High  density 

iq,o±o.4 

26.5  ±  0.6 

7.5 

0.34  ±0.02 

Outside 

Gracilariii 

18.4  +  0..^ 

22.0  ±0.4 

3.6 

(J.04  +  0.01 

Makara 

18.6  ±0.4 

26.8  ±  0.6 

8.2 

0.20  ±0.01 

Ab  Feed* 

18.2  ±0.4 

26.4  ±  0.6 

8.2 

0.38  +  0.01 

Mid  density 

20.0  ±  0.4 

26.7  ±  0.6 

6.7 

0,29  ±0.02 

High  density 

14.7  ±0.4 

23.8  ±  0.5 

4.1 

0.19  ±0.01 

Gji.  SGR  (%  increase  in  shell  length  per  day)  over  the  entire  99-day  trial,  n 
low-density  treatment. 


19;  SE.  standard  error.  *The  "Ah  Feed"  treatment  is  the  same  as  the 


paua  fed  Gracilaria  and  those  fed  artificial  diets  for  Days  65  and 
99  but  not  between  the  two  artificial  diets  at  any  time.  Tukey's  test 
also  revealed  that  paua  held  inside  were  larger  than  paua  held 
outside  at  all  three  remeasurenieni  times.  The  average  difference  in 
length  (pooled  across  diets)  was  1.3  mm  after  31  days.  2.3  mm 
after  65  days,  and  2.7  inm  after  99  days.  Not  surprisingly,  the 
factor  "time""  and  all  interactions  involving  time  were  also  statis- 
tically significant.  There  was  no  significant  difference  between 
tanks  (within  a  given  growout  environment),  but  a  marginally 
significant  effect  of  "baskets'"  (p  =  0.05)  indicated  a  high  degree 
of  variability  among  individuals. 
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Figure  3.  Mean  specific  growth  of  abalone  iVc  shell  length/day)  com- 
pared between  three  diets  within  two  growing  environments.  Error 
bar  is  standard  error  (n  5=  19  abalone  per  treatment). 


Greatest  SGRs  were  obtained  during  the  first  time  interval  (0-3 1 
days)  and  decreased  thereafter  as  animals  got  larger  (Figs.  3  and 
4).  Artificial  diets  exhibited  similar  levels  of  size-specific  growth 
for  all  time  periods,  but  these  were  always  much  greater  than  for 
Gracilaria  treatments.  Initially,  paua  cultured  inside  exhibited  bet- 
ter growth  than  did  those  grown  outside,  for  all  diets  (Figs.  3  and 
4).  However,  no  difference  in  SGR  was  discernible  between  grow- 
out  environments  for  the  last  time  interval  (i.e.,  between  Days  65 
and  99).  Overall  specific  length  increments  for  paua  fed  artificial 
diets  were  5-6  titnes  those  of  juveniles  fed  Gracilaria  (Table  1). 
Similarly,  overall  specific  weight  increments  were  approximately 
twice  as  large  for  paua  fed  artificial  diets  compared  with  those  fed 
Gracilaria  (Table  2). 
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Figure  4.  Mean  specific  growth  of  abalone  ( Vc  body  weight/day)  com- 
pared between  three  diets  within  two  growing  environments.  Error 
bar  is  standard  error  (n  ss  19  abalone  per  treatment). 
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TABLE  2. 
Mean  body  weight,  weight  increments,  and  SGRs  of  paua  for  diet  and  density  treatments  ongrown  inside  and  outside. 


Experiment 


Initial  Body  Weight 

Final  Body  Weight 

Weight 

(g  ±  SE) 

(g  ±  SE) 

Increment  (g» 

G„  ±  SE 

0.90  ±  0.04 

1.9  ±0.4 

1.0 

0.55  ±  0.07 

1.00  +  0.06 

2.8  ±0.1 

1.8 

1.04  ±0.04 

0.97  ±  0.05 

3.0  ±  0.2 

2.0 

1.15  ±0.04 

1.00  +  0.04 

2.7  ±0.1 

1.7 

1.00  ±0.04 

0.99  ±  0.05 

2.4  ±0.1 

1.4 

0.87  ±  0.05 

0.99  ±  0.05 

1.45  ±0.07 

0.5 

0.38  ±  0.04 

0.98  ±  0.05 

2.46  ±  0. 1 5 

1.5 

0.97  ±  0.07 

0.90  ±n.  10 

2.50  ±0.1 7 

1.5 

1.01  ±0.04 

1.10  +  0.10 

2.30  ±0.10 

1.2 

0.79  ±  0.04 

1.10±0.10 

1.90  ±0.10 

O.X 

0.58  ±  0.03 

Inside 

Gracilaria 
Makara 
Ab  Feed* 
Mid  density 
High  density 

Outside 
Gracilaria 
Makara 
Ab  Feed* 
Mid  density 
High  density 


G^v,  SGR  (%  increase  in  wet  weight  per  day)  for  the  99-day  trial,  n  ; 
treatment. 


19;  SE.  standard  error.  *The  "Ah  Feed"  treatment  is  the  same  as  the  low-density 


Mortality  of  paua  was  high  for  all  diet  treatments  in  both  grow- 
out  environments  (Fig.  3).  Up  to  60%  mortality  was  observed  in 
some  treatments,  but  there  was  considerable  variability  among 
baskets  within  a  treatment.  No  statistically  significant  differences 
were  found  for  survivorship  among  diets,  growout  environments, 
or  the  interaction  between  these  factors.  Juveniles  fed  Gracilaria. 
however,  tended  to  have  higher  survival  than  did  paua  fed  artificial 
foods  (Fig.  5).  There  was  a  significant  effect  of  tanks  (p  <  0.05), 
however,  because  of  much  higher,  but  still  very  variable,  mortality 
in  one  of  the  inside  tanks. 
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Figure  5.  Mean  survival  of  abalonc  fed  three  commercially  available 
diets  within  two  growing  environments.  Error  bar  is  standard  error  (n 
=  8  baskets  per  treatment). 


Effects  of  Density  and  Growing  Environment 

Shell  growth  was  greatest  at  lower  stocking  densities  and  in 
inside  tanks  (Fig.  6).  Shell  increments  varied  frotn  11.1  mm  (low 
density,  inside)  to  4.1  mm  (high  density,  outside)  (Table  1 ).  Simi- 
larly, weight  increments  varied  from  2.0  (low  density,  inside)  to 
0.8  g  (high  density,  outside)  (Table  2).  As  with  the  previous  ex- 
periment, sampling  times  and  all  interactions  involving  "time" 
were  stati.stically  significant  (p  <  0.05).  Significant  differences  in 
shell  length  also  were  found  among  densities  and  between  growout 
environments  (p  <  0.001 ).  Tukey's  test  showed  slower  growth  for 
the  high-density  trealment  compared  with  the  two  lower  stocking 
densities,  but  paua  shell  length  did  not  differ  between  the  low  and 
medium  stocking  densities.  There  was  no  significant  difference 
among  baskets,  but  unlike  the  previous  experiment,  there  was  a 
significant  tank  effect  (p  <  0.01 ). 

SGR  declined  between  subsequent  sampling  periods  (Figs.  7 
and  8).  The  decline  was  not  as  marked  for  body  weight  between 
Days  65  and  99,  however,  with  high  variability  occurring  for  out- 
side treatments  at  Day  99  (large  enor  bars  in  Fig.  8).  SGR  was 
highest  for  the  low-density  treatment  and  declined  with  increasing 
stocking  rate  (Tables  I  and  2).  Paua  cultured  outside  had  markedly 
lower  SGRs  than  did  juveniles  held  inside  for  both  length  (Table 
1 )  and  weight  (Table  2). 

Survival  of  paua  was  approximately  50%  for  inside  and  60% 
for  outside  growout  environinents  after  99  days  (Fig.  9).  No  sta- 
tistically significant  differences  were  found  among  stocking  den- 
sities or  between  growout  environments.  However,  survival  be- 
tween holding  tanks  did  differ  significantly  (p  <  0.05)  because  of 
a  period  of  high  but  variable  mortality  in  one  of  the  inside  tanks. 
This  moilality  occurred  between  Days  65  and  99  and  tnay  have 
contributed  to  the  significant  tank  effect  noted  above  for  shell 
growth. 

DISCU.SSION 

Differences  in  growth  were  found  among  diets  and  densities.  In 
the  first  experiment  on  diets,  artificial  feeds  resulted  in  better 
growth  than  did  dried  seaweed.  In  the  second,  higher  stocking 
densities  led  to  slower  growth.  Both  of  these  patterns  were  con- 
sistent between  the  two  growout  environments.  For  any  particular 
treatment,  paua  ciiltiued  inside  always  grew  a  larger  shell  (Table  1 ) 
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Mean  growth  of  abalone  held  at  three  stocking  densities  and 
under  two  growing  environments.  Error  bar  is  standard  er- 
19  abalone  per  treatment). 


and  gained  more  body  weight  (Table  2)  than  did  those  grown 
outside.  Although  insufficient  tanlc  space  meant  that  diet  and  den- 
sity could  not  be  manipulated  orthogonally  within  the  same  ex- 
perimental design,  the  fact  that  the  two  experiments  were  per- 
formed simultaneously  and  with  one  common  treatment  allows  a 
qualitative  assessment  of  the  relative  importance  of  the  various 
factors. 

Artificial  diets  have  been  shown  in  other  short-term  experi- 
ments to  produce  acceptable  growth  in  H.  iris  (Pollock  1996. 
Wells  et  al.  1995).  as  well  as  in  other  abalone  species  (Britz  et  al. 
1994.  Fleming  et  al.  1996.  Uki  and  Watanabe  1992).  and  our 
results  with  two  readily  available  formulations  show  that  shell 
increments  of  8-10  mm  in  99  days  (80-100  jjim/day)  can  be 
achieved  for  H.  iris  grown  in  northern  New  Zealand.  This  com- 
pares well  with  results  obtained  in  recent  studies  with  similar 
artificial  feeds.  Britz  et  al.  (1997).  for  example,  recorded  growth  of 
80  jxm/day  at  20'C  for  Haliotis  midae  in  South  Africa,  and  Flem- 
ing et  al.  (1996)  calculated  an  average  of  85  (jim/day  for  several 
species  at  I8-22°C  for  several  diets.  Our  results  also  clearly  dem- 
onstrate that  paua  grow  rapidly  at  the  high  ambient  seawater  tem- 
peratures of  northern  New  Zealand.  The  growth  on  dried 
Gracilaria.  however,  was  low  and.  from  an  on-growing  perspec- 
tive, disappointing.  Better  results  in  southern  localities  have  been 
achieved  with  fresh  Gracilaria  (Pickering  1986).  and  this  alga  has 
been  touted  as  an  excellent  food  for  cultured  paua  (Pickering 
1990).  Further  trials  with  a  range  of  naturally  occurring  seaweeds 
would  be  valuable,  but  it  is  likely,  in  the  short  term  at  least,  that 
artificial  feeds  will  be  the  best  option  for  growing  paua  in  northern 
New  Zealand.  With  this  as  a  food  source,  our  results  suggest  that 
considerable  improvement  in  growth  will  be  obtained  by  rearing 
paua  inside  in  constant  darkness  rather  than  outside  under  natural 
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Figure  7.  Mean  specific  growth  of  abalone  C^f  shell  length/day)  com- 
pared between  three  stocl\ing  densities  within  two  growing  environ- 
ments. Error  bar  is  standard  error  (n  5=  19  abalone  per  treatment). 

light  (average  SGRs  of  0.429;-  for  length  and  1.10%  for  weight 
inside  vs.  0.29%  and  1.02%,  respectively,  outside). 

Density  considerations  lead  to  a  similar  conclusion:  an  im- 
provement of  0.1-0.2%  in  SGR  can  be  achieved  at  any  given 
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Figure  8.  Mean  specific  growth  of  abalone  ( %  body  weight/day)  com- 
pared between  three  stocking  densities  within  two  growing  environ- 
ments. Error  bar  is  standard  error  (n  s=  19  abalone  per  treatment). 
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Figure  9.  Mean  survival  of  abalone  compared  between  three  stocliing 
densities  within  two  growing  environments.  Error  bar  is  standard 
error  (n  =  8  basl<cts  per  treatment). 

stocking  density  by  rearing  animals  inside  versus  outside.  In  terms 
of  stocking  density,  our  results  are  in  line  with  those  of  previous 
studies  (Hahn  1989,  Mgaya  and  Mercer  1995)  in  that  higher  den- 
sities produce  lower  growth.  This  is  in  spite  of  the  fact  that  all 
baskets  were  provided  with  more  than  adequate  food  for  all  indi- 
viduals in  that  basket.  It  is  likely,  however,  that  the  ability  of  an 
individual  paua  to  access  that  food  may  be  restricted  in  high- 
density  situations,  as  has  been  suggested  in  other  situations 
(Mgaya  and  Mercer  199.'i).  Although  there  is  an  adverse  effect  of 
high  density  on  growth,  it  may  be  that  the  increased  biomass 
production  that  can  be  obtained  at  higher  densities  may  outweigh 
this;  further  calculations  and  experiments  on  this  aspect  will  be 
reported  elsewhere. 


Highly  variable  growth  among  individuals  is  often  a  feature  of 
cultured  abalone  (Day  and  Fleming  1992,  Schiel  1997).  Although 
we  also  encountered  variable  growth  within  and  between  baskets, 
this  variation  did  not  preclude  our  ability  to  detect  significant 
differences  among  treatments.  There  was  a  significant  tank  effect 
in  one  of  the  two  growth  analyses,  but  this  was  due  more  to  highly 
variable  mortality  biasing  the  growth  estimates  than  to  highly  vari- 
able growth  per  se.  In  fact,  mortality  was  of  overriding  importance 
in  our  experiments.  Survival  was  consistently  low  among  treat- 
ments and  growout  environments,  and  isolated  incidents  of  ex- 
tremely high  mortality  (90-IOO'7f  over  short  periods)  occurred  in 
some  baskets  in  particular  tanks. 

Further  analysis  of  the  mortality  patterns  within  our  system  is 
proceeding,  but  the  currently  unacceptable  levels  mean  that  the 
information  on  growth  patterns  is  only  of  limited  value  in  deter- 
mining optimal  growout  conditions  for  H.  iris  in  northern  New 
Zealand.  Levels  of  mortality,  however,  were  very  similar  between 
the  two  growout  environments.  In  addition,  large  and  consistent 
advantages  in  growth  were  obtained  inside,  although  the  reasons 
for  this  are  unclear.  The  mean  seawater  temperature  did  not  differ 
between  inside  and  outside  tanks,  but  the  amplitude  of  temperature 
fluctuation  was  greater  outside  (Clarke,  unpubl.  data).  In  addition, 
factors  such  as  decreased  salinity  during  hea\  y  rain  and  decreased 
feeding  time  because  of  natural  sunlight  may  have  created  a  more 
stressful  situation  for  paua  held  outdoors.  Whatever  the  mecha- 
nisms, we  confidently  predict  that  the  best  commercial  results  from 
on-growing  paua  in  northern  New  Zealand  will  be  achieved  in- 
doors, especially  if  artificial  feeds  are  being  used. 

The  system  design  has  been  improved  since  these  preliminary 
experiments,  especially  in  terms  of  water  flow  (to  increase  circu- 
lation at  the  high  temperatures  experienced  at  Leigh;  see  Fig.  1 ). 
This  has  resulted  in  lower  mortalities  and  allows  us  to  further 
examine  the  influences  of  diet  and  density,  as  well  as  other  critical 
factors  such  as  water  temperatures,  on  growth  and  survival  of 
cultured  paua  in  northern  New  Zealand. 
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ABSTRACT  Survival  and  growth  of  abalone  postlarvae  are  greatly  intluenced  by  food  quality  and  quantity.  Abalone  larvae  settle  on 
coralline  algae,  some  diatoms  films,  and  conspecitlc  mucous  trails.  These  substrata  provide  a  wide  range  of  potential  food  sources, 
which  are  used  in  different  ways  as  postlar\'ae  develop.  We  identify  three  major  transitions  in  feeding  and  growth:  (I)  at  metamor- 
phosis, a  shift  from  lecithotrophy/dissolved  organic  matter  (DOM)  absorption  to  particle  feeding,  with  an  overlap  in  nutrition  sources; 
(2)  at  about  600-800  ^.m  shell  length  (SL).  postlarvae  become  responsive  to  the  "digestibility"  of  diatom  diets  and  grow  more  rapidly 
on  efficiently  digested  strains;  (3)  at  around  5-10  mm  SL  juveniles  shift  from  a  biofilm-dominaled  diet  to  a  macroalgae-dominated  diet. 
We  can  make  some  tentative  generalizations  about  growth  rates  of  postlarvae  fed  ingestible  diatoms.  Rapid  growth  (20-30  jim/day) 
in  the  first  10  days  postsettlement  often  falls  to  10-20  jjtm/day  in  the  following  1-2  wk,  perhaps  reflecting  the  exliaustion  of  nutrition 
from  yolk/DOM.  Postlarvae  of  0.8-2  mm  SL  grow  -40-60  (im/day  on  "digestible"  diatoms  and  15-30  jim/day  on  "indigestible" 
ones.  Rapidly  growing  juveniles  over  3  mm  SL  will  grow  at  100  ^m/day  or  more,  whereas  poor  diets  can  hahe  these  growth  rates. 
Growth  rales  of  individual  abalone  will  vary  widely  on  both  good  and  poor  diets.  Diatoms  that  are  emerging  as  key  species  for  abalone 
culture  include  Cxiiiidrotheca  closterium  (and  needle-shaped  .\il:schia  spp.).  Cocconeis  spp..  and  Aclmanthes  spp.,  but  caution  is 
needed  in  extrapolating  from  the  limited  data  a\ liable.  Hatchenes  need  to  maintain  a  suitable  quantity  of  ingestible  food,  as  well  as 
consider  food  quality.  Many  aspects  of  postlarval  feeding  and  growth  require  further  research. 


KEY  WORDS:     postlanal  abalone.  feeding,  nutrition,  growth,  benthic  di. 


INTRODUCTION 

Abalone  are  commercially  imponant  gastropods  around  the 
world.  The  culture  of  abalone  species  has  been  stimulated  by  the 
decline  of  natural  stocks  and  has  made  great  advances.  .Abalone 
have  been  successfully  reared  from  the  egg  to  the  adult  under 
artificial  conditions  (e.g..  Seki  1980.  Ebert  and  Houk  1984.  Uki 
and  Kikuchi  1984.  Hahn  1989).  However,  research  on  their  feed- 
ing habits  in  the  early  life  stages  has  been  limited  (Kawamura 
1996).  and  control  of  the  initial  food  is  still  one  of  the  most  critical 
problems  in  hatchery  seed  production  (Hahn  1989.  Seki  1997). 
Survival  rates  in  many  abalone  hatcheries  are  low  and  variable, 
especially  in  first  few  months  (Searcy-Bemal  et  al.  1992). 

Benthic  diatoms  ha\'e  traditionally  been  used  as  initial  foods  for 
postlarvae  in  abalone  hatcheries  (Seki  1980.  Ebert  and  Houk  1984. 
Hahn  1989).  Most  hatcheries  have  used  diatom  films  that  devel- 
oped naturally  or  pure  strains  of  unknown  dietary  value.  Many 
hatcheries  in  Japan  use  the  pregrazing  method  (Seki  1980.  Hahn 
1989).  This  method  relies  on  the  grazing  pressure  of  juvenile  or 
adult  abalone  to  select  for  strongly  adhesive,  solitary  diatoms  that 
are  suitable  for  settlement  (Suzuki  et  al.  1987.  Kawamura  and 
Kikuchi  1992).  The  pregrazed  plate  method  is  used  to  ensure  con- 
sistently high  settlement  (Seki  1980.  Slattery  1992).  but  it  also 
supplies  good  food  sources  for  postlarvae  (Takami  et  al.  1997a). 

B>  understanding  the  feeding  and  growth  of  young  abalone  in 
hatcheries,  we  can  improve  growth  and  survival  of  postlarvae.  This 
is  important  to  achieve  consistent  and  efficient  production  and  to 
minimize  the  proportion  of  slow-growing  animals. 

In  natural  habitats,  larval  abalone  settle  largely  on  crustose 
coralline  algae  (CCA)  (e.g..  Saito  1981.  Morse  and  Morse  1984. 
Shepherd  and  Turner  1985,  McShane  and  Smith  1988.  McShane 
1992.  McShane  1995)  and  arow  there  for  at  least  several  months 


(McShane  and  Naylor  1995.  Shepherd  and  Daume  1996.  McShane 
1996).  The  feeding,  growth,  and  survival  of  abalone  postlarvae  on 
CCA  are  therefore  critical  in  understanding  natural  recruitment  in 
abalone  fisheries. 

In  this  article,  we  review  data  on  feeding  and  growth  of  post- 
larvae abalone.  We  focus  especially  on  diatoms  and  on  our  recent 
progress  with  Haliotis  discus  hannai  Ino  1953  in  Japan,  and  Hali- 
otis  iris  Gmelin  1791  in  New  Zealand.  The  review  covers  data 
from  laboratorv  experiments,  abalone  hatcheries,  and  natural  habi- 
tats and  is  di\  ided  according  to  major  food  categories.  We  have  not 
included  data  presented  without  description  of  methodology  (e.g., 
many  of  the  data  in  Hahn  1989).  Artificial  diets  are  not  included, 
because  data  from  current  trials  with  postlarvae  (elg.,  Fleming  et 
al.  1996)  are  not  yet  available. 

We  include  some  data  on  ju\enile  feeding,  particularly  to  dis- 
cuss the  transition  from  tnicroalgal  to  macroalgal  diets,  and  the 
size  at  which  diatoms  no  longer  provide  adequate  nutrition  for 
abalone.  There  is  a  no  clear  boundary  defined  between  postlarval 
and  juvenile  abalone.  The  formation  of  the  first  respiratory  pore 
(~2  mm  SL)  or  the  size  at  which  the  first  respiratory  pore  is  sealed 
with  shell  (-3-5  mm  in  H.  iris  and  H.  discus  hannai)  (Takahashi 
and  Obata  1986,  Seki  1997,  R.  D.  Roberts,  unpublished  data)  may 
be  useful  reference  points. 

After  reviewing  the  relevant  published  literature.  v\e  make 
some  tentative  generalizations  about  growth  rates  and  key  diatom 
species.  We  discuss  the  importance  of  maintaining  a  suitable  food 
quantity  in  hatcheries,  and  we  identify  gaps  in  current  knowledge 
of  postlar\  ae  nutrition. 

MAJOR  TRANSITIONS  IN  POSTLARVAL  FEEDING 

As  background  to  the  review  that  follows,  it  is  useful  to  de- 
scribe the  major  transitions  that  are  apparent  in  postlanal  feeding 
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and  growth.  Three  major  transitions  can  be  recognized.  The  first  is 
the  transition  from  lecithotrophy  to  particle  feeding.  Abalone  lar- 
vae are  lecithotrophic  and  do  not  have  a  functional  mouth  or  di- 
gestive tract.  Within  a  day  of  the  velum  being  shed,  the  mouth 
forms  and  active  feeding  begins  (Crofts  1937,  Seki  and  Kan-no 
1981a,  Norman-Boudreau  et  al.  1986,  Ohashi  1993,  Kawamura 
and  Takami  1995).  In  terms  of  the  abalone's  nutrition,  there  ap- 
pears to  be  overlap  between  lecithotrophy  and  early  ingestion.  A 
second  transition  is  evident  at  around  600-800  (j.m  shell  length 
(SL).  Postlarvae  below  this  size  grow  at  similar  rates  regardless  of 
diatom  strain,  provided  they  receive  an  adequate  supply  of  biofilm 
material.  In  contrast,  larger  postlarvae  grow  much  more  rapidly  on 
certain  diets,  such  as  highly  digestible  diatoms.  The  final  transition 
is  from  a  biofilm-dominated  diet  to  a  macroalgae-dominated  diet. 
Data  from  natural  habitats  and  hatcheries  suggest  that  this  change 
occurs  at  around  5-10  mm  SL.  Below,  we  review  the  published 
data  on  growth  and  feeding  of  postlarvae  abalone  in  relation  to 
these  various  feeding  stages. 

LARVAL  YOLK  SUPPLY  AND  ABSORPTION  OF  DISSOLVED 
ORGANIC  MATTER 

Abalone  species  have  planklomc  larval  stages  lasting  se\eral 
days  (e.g.,  Seki  and  Kan-no  1977,  Hahn  1989,  McShane  1992). 
Larvae  carry  a  yolk  supply  derived  from  the  egg.  This  energy 
source  could  fuel  larval  life  and  metamorphosis  but  can  also  be 
preferentially  supplemented  by  the  uptake  of  dissolved  organic 
matter  (DOM)  by  both  larvae  and  early  postlarvae  (Jaeckle  and 
Manahan  1989a,  Jaeckle  and  Manahan  1989b,  Manahan  and 
Jaeckle  1992,  Shilling  et  al.  1996). 

Yolk  supply  and  DOM  absorption  can  support  extended  larval 
life.  In  Haliotis  nifescens  Swainson  1822,  larvae  can  live  for  20- 
30  days  before  their  yolk  supply  is  exhausted  (Morse  1985).  In 
static  water  with  antibiotics,  larvae  of  Haliotis  virginea  Gmelin 
1791  and  H.  iris  can  continue  swimming  for  -40  days  at  17°C 
(Roberts  and  Lapworth  unpubl.l.  Although  larvae  deprived  of 
settlement  cues  can  survive  for  protracted  periods,  their  postsettle- 
ment  survival  is  presumably  compromised  beyond  a  certain  age. 
Work  with  H.  iris  suggests  that  larvae  that  are  older  than  -25  days 
(at  17°C)  at  metamorphosis  show  poor  survival  as  postlarvae 
(Roberts  and  Lapworth  unpubl.). 

Larval  yolk  and  DOM  uptake  provide  sufficient  nutrition  for 
early  postlarval  development.  Peristomal  shell  formation  in  the 
absence  of  particulate  food  is  observed  when  metamorphosis  is 
induced  with  7-aminobutyric  acid  (Morse  et  al.  1979,  Barlow  and 
Truman  1992,  Roberts  and  Nicholson  1997).  For  example,  H.  iris 
postlarvae  grew  30-120  |j.m  of  peristomal  shell  during  10  days  of 
incubation,  with  most  of  the  growth  occurring  in  the  first  4  days 
(Roberts  and  Nicholson  1997).  In  H.  nifescens.  normal  develop- 
ment can  proceed  without  feeding  for  up  to  14  days  postfertiliza- 
tion  at  15°C  (Morse  et  al.  1980).  Yolk  reserves  were  visible  in 
Haliotis  discus  discus  Reeve  1846  until  530  |j.m  SL.  6  days  after 
settlement  (Ohashi  1993).  However,  Asano  and  Kawamura  (un- 
publ. data)  observed  that  yolk  supply  was  diminished  at  the  time  of 
metainorphosis  in  H.  discus  hunnai  by  an  immunological  tech- 
nique. We  arc  not  aware  of  any  published  work  on  the  effect  of 
yolk  quality/quantity  on  metamorphic  success  and  early  postsettle- 
ment  survival. 


DIATOMS 

Diatoms  for  Posllanae  <600-800  tun  SL 

Only  a  handful  of  studies  have  examined  the  growth  of  abalone 
postlarvae  reared  on  unialgal  benthic  diatom  strauis  (Table  1 ). 
Some  diatom  strains  pass  through  the  postlarval  abalone  gut  intact, 
whereas  others  are  ruptured  and  lose  their  cell  contents.  In  this 
review,  we  use  "digestibility"  to  refer  to  the  proportion  of  diatom 
cells  that  lose  cell  contents  when  ingested  and  passed  through  the 
postlarval  gut.  We  recognize  that  other  factors  will  contribute  to 
the  overall  digestibility  of  a  diet.  Diatom  strain  makes  relatively 
little  difference  to  growth  rates  of  postlarvae  less  than  about  600- 
800  (Jim  SL.  Kawamura  and  Takami  (1995)  reported  that  early 
postlarval  growth  was  not  significantly  higher  on  a  digestible  dia- 
tom than  on  two  largely  indigestible  diatoms.  Similarly,  recent 
studies  with  H.  iris  showed  little  divergence  of  growth  curves  for 
different  diets  until  postlarvae  reached  about  500-600  jjim  SL 
(Roberts  et  al.  unpubl.). 

The  lack  of  a  clear  growth  response  to  diatom  strain  in  very 
young  postlarvae  could  be  due  to  the  residual  benefit  of  a  nutri- 
tionally complete  yolk  supply.  As  micronutrients  from  the  yolk 
become  depleted,  postlarvae  may  require  access  to  diatom  cell 
contents  to  maintain  rapid  growth.  Altematively.  very  young  post- 
larvae may  lack  the  digestive  capabilities  to  fully  use  diatom  cell 
contents.  The  possibility  that  postlarvae  will  show  delayed  benefits 
from  access  to  cell  contents  in  their  first  few  weeks  has  not  been 
examined. 

Postlarvae  feeding  on  largely  indigestible  diatoms  probably  get 
much  of  their  nutrition  from  the  extracellular  secretions  of  dia- 
toms, which  consist  mainly  of  polysaccharides  (Hoagland  et  al. 
1993).  The  degree  to  which  bacteria  or  other  nondiatom  microbes 
contribute  to  the  nutritional  value  of  the  film  reinains  largely  un- 
known. 

Diatoms  for  Posllanae  0.8—4  mm  SL 

Many  diatoms  pass  through  the  gut  of  postlarval  H.  discus 
hamuli  and  H.  iris  alive  and  unharmed  (Kawamura  et  al.  1995, 
Kawamura  et  al.  1998).  Kawamura  et  al.  (1995)  measured  the 
"digestion  efficiency"  of  diatom  strains  for  postlarvae  by  count- 
ing the  percentage  of  intact  cells  that  lose  their  cell  contents  when 
eaten.  Postlarval  H.  discus  hamuli  over  -1  mm  SL  fed  on  four 
diatom  strains  with  high  digestion  efficiencies  (64-100%)  grew 
significantly  faster  than  did  postlarvae  fed  on  five  strains  with  low 
digestion  efficiencies  (4-1 77r)  (Table  1;  Kawamura  et  al.  1995). 
Similar  results  were  obtained  with  H.  iris — postlarvae  grew  sig- 
nificantly faster  on  two  highly  digestible  strains  than  on  six  inef- 
ficiently digested  strains  (Table  I;  Kawamura  et  al.  1998).  Post- 
larvae over  about  800  \xm  SL  seem  to  require  high  levels  of  ab- 
solution of  diatom  cell  contents  for  rapid  growth,  whereas  smaller 
postlarvae  grow  at  similar  rates  on  diatoms  with  high  and  low 
digestibility. 

Factors  ControlUiif;  Dialom  Di.^cstihilily 

The  factors  that  control  the  digestibility  of  a  diatom  strain  are 
complex.  In  general,  the  digestibility  of  a  strain  is  stable  over  time, 
but  it  can  change  dramatically  within  a  couple  of  weeks  (Roberts 
et  al.  unpubl.l.  Release  of  cell  contents  often  involves  physical 
rupture  of  the  fruslule  and/or  girdle  elements.  Rupture  frequently 
results  from  the  action  of  Ihc  radula  hut  could  also  occur  within  the 
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TABLE  1. 
Growth  rates  of  postlarval  abalone  fed  unialgal  diatom  diets  in  laboratory  experiments. 


Daily 

Initial 

Final 

Growth 

Abalone 

Abalone 

Digestion 

Rate 

Size 

Size 

Efriciency* 

Temperature 

Abalone  Species 

Diatom  Strain 

(Hm  SL/day) 

(fim  SL) 

(Mm  SL) 

(%) 

(C) 

Reference 

H.  disciix  hannai 

C.  sculelhnn 

14,4 

280 

510-865 

ND' 

20 

Kawaniura  and 

C.  closteriumt 

27.2 

280 

735-1,177 

High 

Takami  1995 

Na\icula  nimosissima 

16.6 

280 

548-841 

Low 

Stauroneis  constricta 

21.6 

280 

724-865 

Low 

H.  discus  hannai 

C.  closleiiumi  growing 
on  the  chlorophyte  U.  lens 

27 

280 

820 

-§ 

22 

Seki  1997 

H.  discus  hannai 

Cocconeis  sp. 

30.6 

280 

800 

-§ 

17-18 

Oghai  et  al.  1991 

C.  closteriumt 

24.1 

280 

690 

-§ 

Navicula  ramosissima 

22.9 

280 

670 

-§ 

H.  giganlea 

Actinocychis  lenuissinms 

12.8 

321 

552 

—  § 

19 

Ishidaet  al.  1995 

Cocconeis  sp. 

32.6 

340 

927 

—  § 

Melosira  monilifonnis 

12.8 

352 

518 

-§ 

Navicula  ramosissima 

28.0 

333 

836 

-§ 

H.  iris 

A.  longipes-l 

33.7 

570 

1,245 

93.5 

17 

Kawamura 

A.  longipes-2 

11.3 

549 

788 

NDt 

et  al.  1998 

C.  pseudomarginata 

11.8 

570 

830 

94,6 

N.  britannica 

16.4 

555 

896 

4.3 

Navicula  ramosissima 

17.0 

606 

938 

1.8 

Navicula  sp. 

l?.l 

603 

902 

18.6 

Nitzschia  oralis 

15.4 

568 

886 

32.3 

Nitzschis  sp. 

35.3 

553 

1,280 

92.7 

H.  discus  hannai 

A.  brevipes 

57.2 

1.230-1.540 

1,960-2,470 

64.3 

20 

Kawamura 

A.  longipes 

47.8 

1,420-1,540 

1,860-2,360 

71.5 

et  al.  1995 

Amphora  angusra 

29.0 

1.120-1,420 

1,450-1,770 

8.2 

C.  scutellum 

46.4 

1.050-1,310 

1,460-1,950 

84.3 

C.  closlerium* 

50.1 

920-1,300 

1,270-2,190 

100 

Navicula  ramosissima 

21.1 

1.120-1.590 

1,470-1,790 

16,5 

Nitzschia  sp. 

13.6 

1.120-1,600 

1,260-1,750 

8,5 

Pleurosigma  sp. 

24.2 

1,330-1.600 

1,420-2.100 

3.8 

Sxnedra  investiens 

20.5 

980-1.270 

1,140-1,610 

5.6 

*  Digestion  efficiency  is  the  proportion  of  live  cells  that  lose  cell  contents  when  eaten  (Kawamura  et  al.  1995). 

t  Not  determined;  for  these  diatom  strains,  there  were  insufficient  diatom  cells  in  the  feces  to  accurately  assess  digestion  efficiency. 

t  C.  closterium  is  often  called  Nitzschia  closterium. 

§  Data  not  available. 


stomach.  Further  work  is  needed  to  know  whether  diatoms  can  also 
be  digested  by  membrane  disruption,  with  the  frustule  intact. 

We  know  several  of  the  factors  that  affect  diatom  digestibility 
for  postlar%'al  abalone.  Attachment  strength  of  the  diatom  strain  is 
important.  Very  tightly  attached  diatoms  such  as  Cocconeis  scutel- 
lum (Kawamura  et  al  1995),  Cocconeis  pseudomarginata  (Kawa- 
mura et  al  1998),  Achnanthes  brevipes  (Kawamura  et  al.  1995), 
and  Achnanthes  longipes  (Kawamura  et  al.  1995,  Kawamura  et  al. 
1998)  require  considerable  force  to  be  detached  from  substrata  and 
are  usually  ruptured  if  dislodged.  In  contrast,  many  diatom  strains 
with  low  adhesive  strength  are  ingested  without  cell  rupture,  and 
the  majority  of  ingested  cells  pass  through  the  gut  alive  and  un- 
broken (Kawamura  et  al.  1995,  Kawamura  et  al.  1998). 

However,  not  all  weakly  adhering  diatoms  have  low  digestibil- 
ity. Cylindrotheca  closterium  (Kawamura  et  al.  1995)  and  Nitz.s- 
chia  sp.  (Kawamura  et  al,  1998),  which  had  low  attachment 
strengths,  produced  high  digestion  efficiencies  and  relatively  rapid 
growth  of  postlarvae.  These  results  could  be  because  of  their  struc- 
turally weak  silica  frustule,  as  suggested  by  Reimann  and  Lewin 


(1964)  for  C.  closleriimi.  Takami  et  al.  (1996)  suggested  that  the 
structural  strength  of  diatom  cells  may  depend  on  factors  such  as 
culture  conditions  and  diatom  growth  phase.  This  could  explain 
temporal  variation  in  digestibility  of  certain  strains. 

Diatom  cell  size  and  growth  fomi  can  limit  digestibility  by 
precluding  ingestion.  Two  strains  of  A,  longipes  with  different  cell 
sizes  and  stalk  lengths  produced  different  growth  and  survival 
rates  of  H.  iris  postlarvae  (Kawamura  et  al.  1998),  The  postlarvae 
could  not  ingest  the  larger  celled/longer  stalked  strain  up  to  at  least 
1 ,300  (xm  SL,  and  the  postlarvae  fed  on  this  strain  had  slow  growth 
and  low  survival  compared  with  those  fed  the  smaller  celled/ 
shorter  stalked  strain  (Kawamura  et  al,  1998).  Large  mobile  cells 
(such  as  loosely  attached  Pleurosigma  spp.  or  long-stalked  Ach- 
nanthes spp.)  are  often  brushed  aside  by  the  shell  or  snout,  so 
ingestion  is  very  inefficient  (R.  Roberts  pers.  obs.). 

The  size  of  diatom  cells  has  been  seen  as  a  critical  factor 
determining  the  dietary  value  of  diatoms,  especially  for  very  small 
postlarvae  (Seki  and  Kan-no  1981a,  Hahn  1989,  Fleming  et  al, 
1996).  The  postlarval  mouth  is  initially  only  10  |jim  across  (Seki 
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and  Kan-no  1981a),  and  diatoms  ingested  by  newly  metamor- 
phosed postlarvae  are  mostly  less  than  10  |jim  in  width  (Norman- 
Boudreau  et  al.  1986).  However,  ingestibility  of  diatom  cells  may 
not  be  critical  for  young  postlarvae.  Postlarval  abalone  below 
about  600-800  |a,m  SL  appear  to  gain  adequate  nutrition  from 
biofilm  components  other  than  diatom  cells  (such  as  extracellular 
secretions  and  possibly  bacteria).  Once  postlarvae  require  diatom 
cell  contents  for  continued  rapid  growth,  they  can  readily  ingest 
much  larger  diatom  cells.  Thus,  we  suspect  that  the  effect  of  cell 
size  on  the  growth  of  small  (<600-800  |ji.m  SL)  postlarvae  will 
only  be  critical  when  access  to  other  biofilm  components  is  lim- 
ited. For  larger  postlarvae  (>800  jxm  SL),  access  to  cell  contents 
becomes  important,  so  any  effect  on  ingestibility  can  affect 
growth.  Diatom  cell  size  can  affect  the  efficiency  with  which  the 
radula  passes  food  into  the  mouth  (small  cells  are  generally 
handled  more  efficiently;  R.  Roberts  pers.  obs.).  In  the  case  of  very 
large  diatoms,  cell  size  could  preclude  ingestion  even  for  large 
postlarvae. 

When  diatom  digestibility  becomes  important  for  postlarval 
growth,  the  biochemical  composition  of  diatom  cell  contents  may 
affect  growth  rates.  For  example,  fatty  acids  profiles  are  a  critical 
component  in  aquaculture  feeds  and  are  known  to  vary  among 
diatom  species  (Dunstan  et  al.  1994). 

Growth  on  Cocconeis  Species 

The  diatom  genus  Cocconeis  represents  interesting  and  com- 
plex study  in  relation  to  early  postlarval  feeding.  Cocconeis  spe- 
cies are  dominant  on  the  pregrazed  plates,  common  on  CCA,  and 
highly  effective  settlement  inducers,  so  postlarval  feeding  on  these 
diatoms  has  received  considerable  attention.  In  laboratory  experi- 
ments with  H.  discus  hannai.  postlarvae  grew  well  on  Cocconeis 
sculelliim  var.  parva  for  the  first  10  days  postsettlement  (-25 
jj.m/day  at  20°C),  reaching  -500  jjim  SL.  The  growth  rate  then 
dropped  dramatically  over  the  next  14  days,  to  only  7.5  ixm/day. 
whereas  significantly  higher  growth  rates  were  maintained  on 
three  other  diatom  strains  (Kawamura  and  Takami  1995).  On  other 
occasions,  C.  scutclliini  has  produced  good  growth  of  small  post- 
larvae H.  discus  hannai  (Takami  and  Kawamura  unpubl.  data)  and 
H.  iris  (Roberts  et  al.  unpubl.).  Other  Cocconeis  species  also  pro- 
duced relatively  good  growth  of  H.  discus  hannai  (Ohgai  et  al. 
1991)  and  Haliotis  gis^anlea  Gmelm  1791  (Ishida  et  al.  1995) 
(Table  I). 

H.  discus  hannai  <800  ixm  SL  do  not  efficiently  detach  C 
scutellum  var.  puna  cells,  probably  because  of  the  diatom's  very 
high  attachment  strength  and/or  its  low  profile  (Kawamura  and 
Takami  1995,  Takami  et  al.  1997a).  H.  iris  postlarvae  less  than 
-850  (j,m  SL  detached  few  C.  pscudoniarf>inaia  cells,  whereas 
larger  postlarvae  (850-1,200  ^l.m  SL)  ingested  many  (Kawamura 
et  al.  1998).  Daume  et  al.  (1997)  reported  that  postlarval  Haliotis 
rubra  Leach  1814  began  grazing  C.  scutellum  from  CCA  18  days 
after  settlement.  H.  iris  ingested  very  low  numbers  of  C.  scutellum 
cells  10  days  postsettlement  and  became  increasingly  efficient  at 
removing  them  over  the  following  3  wk  (Roberts  et  al.  unpubl.).  A 
similar  pattern  was  observed  with  Haliotis  niidac  Linnaeus  1758 
grazing  on  Cocconeis  suhlittoralis  in  mixed  diatom  films  (Mat- 
thews and  Cook  1995). 

From  these  examples,  it  appears  that  Cocconeis  species  support 
good  growth  once  postlarvae  reach  a  size  where  they  can  effi- 
cientlv  ingest  the  diatom.  Growth  rate  can  decline  dramaticallv  in 


postlarvae  >500  p,m  SL  if  postlarvae  are  still  unable  to  ingest 
Cocconeis  efficiently,  suggesting  that  the  postlarvae  may  come  to 
require  diatom  cell  contents  for  rapid  growth.  This  may  be  due  to 
the  depletion  of  stored  micronutrients  from  the  yolk,  as  discussed 
above.  Factors  that  may  influence  whether  growth  tails  off  include 
the  amount  of  extracellular  secretion  in  the  culture  (Kawamura  and 
Takami  1995),  the  nature  of  associated  microbial  communities, 
and  the  attachment  strength  of  the  diatom. 

Diatoms  for  Juveniles  >4  mm  SL 

Juveniles  of  H.  discus  discus,  H.  discus  hannai  (10-20  mm 
SL).  and  H.  midac  selectively  ingested  three-dimensional  colonies 
and  loosely  attached  diatom  species,  leaving  behind  prostrate  dia- 
toms with  high  attachment  strength  such  as  Cocconeis  spp.  (loriya 
and  Suzuki  1987.  Suzuki  et  al.  1987.  Matthews  and  Cook.  1995). 
Thus,  Cocconeis  spp.  are  often  dominant  on  pregrazed  plates  (Seki 
1980). 

Takami  et  al.  (1996)  compared  growth  rates  of  juvenile  H. 
discus  haimai  of  about  30  mm  SL  fed  on  three  species  of  diatoms 
{A.  longipes.  C  sculelhnn  and  Navicula  hritannica)  and  on  fronds 
of  a  brown  alga  Laminaria  japonica.  which  is  listed  as  the  one  of 
the  best  diets  for  the  growth  of  juveniles  (Uki  1981).  The  juvenile 
growth  rate  on  A.  longipes  was  higher  than  that  on  Laminaria, 
whereas  growth  rates  on  C.  scutellum  and  N.  britaimica  were 
significantly  lower.  Changes  in  muscle  glycogen  and  midgut  gland 
triglyceride  content  (the  main  energy  sources  during  the  initial 
period  of  starvation;  Takami  et  al.  1995)  showed  that  juveniles  fed 
on  N.  britamuca  were  starving  (Takami  et  al.  1996).  Digestion 
efficiency  of  juveniles  fed  on  N.  hritannica  was  low  (9.6%).  Simi- 
larly poor  results  were  found  with  postlarvae  fed  on  N.  hritannica 
(Table  1).  In  contrast,  Uki  and  Kikuchi  (1979)  reported  rapid 
growth  (about  200  |xm/day  at  20°C)  of  juvenile  H.  discus  hannai 
(8-10  mm  SL)  fed  on  four  loosely  attached  benthic  diatom  species 
including  N.  hritannica.  Uki  and  Kikuchi  ( 1979)  did  not  report  the 
digestion  efficiency  of  N.  hritannica.  The  digestibility  of  this  dia- 
tom can  vary  over  time  (Roberts  et  al.  unpubl.). 

Juveniles  of  30  mm  SL  fed  on  C.  scutellum  grew  slowlv  despite 
the  high  digestion  efficiency  (86.6%)  of  this  diatom.  A  larger, 
three-dimensional  diatom,  A.  longipes.  with  slightly  lower  diges- 
tion efficiency  (67.5%)  produced  more  rapid  growth  (Takami  et  al. 
1996).  This  apparent  conflict  is  explained  by  the  volume  of  cells 
ingested,  which  was  seven  times  higher  for  A,  longipes  than  on  the 
prostrate,  low-volume  C.  scutellum  (Takami  et  al.  1996).  It  appe;u-s 
that  juvenile  abalone  do  not  graze  Cocconeis  species  if  more  fa- 
vorable foods  are  available.  Further,  these  results  suggest  that  the 
energetics  of  Cocconeis  ingestion  become  insufficient  to  support 
rapid  growth,  but  the  size  at  which  this  occurs  has  not  been  de- 
termined. 


CCA 


Sunival  and  (irowtli  of  Postlarvae  on  CC.\ 

CCA  without  appreciable  quantities  of  microbial  biofilm  can 
support  postlarval  abalone  growlh.  Garland  et  al.  ( l')85)  reported 
that  CCA  with  negligible  microalgac  sustained  growth  of  W.  rubra 
for  13  wk  after  settlement,  but  postlarval  growth  rate  was  low, 
especially  for  the  first  6  wk  (about  10.5  (xm/day  at  I5-17°C). 
These  authors  considered  that  postlarval  H.  rubra  depended  mostly 
on  the  cuticle  and  epilhalllal  contents  of  CCA  for  nutrition.  Shep- 
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herd  and  Oaumc  (19%)  also  suggested  Ihat  a  CCA,  Spomliilum 
Jiiniiii.  whieli  had  no  surface  biofilm.  supplied  enough  (bod  for 
postlai\al  Halioiis  laevigata  Dono\an  1808  and  Haliotis  sialari.s 
Leach  1814  from  settlement  to  1-2  mm  SL.  Growth  rates  were  not 
reported.  Kitting  and  Morse  ( 1997)  reported  on  postlar\al  H.  riife- 
scem  feeding  on  the  CCA  Lttholhamnion  califomicum.  During  the 
first  10  days  postsettlement,  the  postlarvae  did  not  ingest  "cellular 
solids"  and  grew  ver>'  slowly  (5  ixm/day  at  15°C). 

Takami  et  al.  (1997b)  have  shown  that  the  presence  of  diatoms 
on  CCA  produces  more  rapid  growth.  Postlar\al  H.  discus  hannai 
reared  on  a  CCA.  Lirliophylluin  yessosense.  without  diatoins  or 
trail  mucus  grew  to  500  |jim  as  rapidly  as  did  those  on  CCA  with 
diatoms.  However,  growth  to  1  mm  SL  w as  slower  on  CCA  with- 
out diatoms  (24.4  tj.ni/day  at  20  C)  than  on  CCA  with  diatoms 
(."13. 4  fjim/day )  (Takami  et  al.  1997b).  Older  postlarvae  (initial  SL. 
1.5  mm)  showed  the  same  pattern  (Takami  et  al.  1997b).  The 
growth  pattern  on  CCA  without  diatoms  mirrors  that  seen  on  some 
C.  sctitelliim  strains,  where  growth  slows  markedly  after  about  500 
jj-m  SL  (Kawamura  and  Takami  1995.  Takami  et  al.  1997a).  Seki 
(1997)  reported  a  similar  pattern  with  growth  of  postlarval  H. 
discus  hannai  on  a  CCA  Titanodeima  sp..  with  growth  slowing 
after  15  days  postsettlement.  The  surface  biofilm  was  not  de- 
scribed. 

McShane  and  Naylor  (1995)  settled  H.  iris  larvae  onto  "con- 
ditioned" CCA-covered  rocks  and  transferred  thein  to  the  sea  after 
1  wk.  Postlarv  ae  grew  at  an  average  of  only  1 7  iJim/day  over  35 
days  and  30  ixm/day  over  135  days  postsettlement.  Growth  rates 
may  have  been  influenced  by  the  very  high  density  of  larvae  at 
settlement  ( 1 .00(J/20-cm-diameter  rock)  or  the  "conditioning"  of 
rocks  presettlement.  Sasaki  and  Shepherd  (1995)  used  size  fre- 
quency modes  to  estimate  daily  growth  rates  of  H.  discus  hannai 
postlar\ ae.  which  settled  naturally  on  CCA.  The  authors  suggested 
average  growth  rates  of  42  ijim/day  over  79  da> s  and  32  |a.m/day 
over  59  days,  in  two  separate  years. 

Shepherd  and  Daume  (1996)  reviewed  survival  rates  of  post- 
larvae on  CC.^  in  natural  habitats.  The  five  known  studies  reported 
highly  variable  mortalitv  of  postlarvae  with  mean  monthly  M  val- 
ues ranging  from  0  to  2.7  (Shepherd  and  Daume  1996).  Very  high 
mortality  occurs  in  the  first  couple  of  weeks  postsettlement  (Sasaki 
and  Shepherd  1995).  so  the  exact  sampling  period  explains  some 
of  the  variation  in  reported  M  values. 

Food  sources  for  postlarvae  on  CCA  include  the  alga's  surface 
polysaccharide  and  epithallial  cell  contents,  and  biofilm  compo- 
nents such  as  diatoms  and  bacteria  plus  their  extracellular  products 
(Garland  et  al.  1985.  Shepherd  and  Daume  1996.  Takami  et  al. 
1997b).  Trail  mucus  of  gastropods  inhabiting  CCA  is  a  further 
possible  food  source  in  the  natural  habitat  (Takami  et  al.  1997b). 
On  the  basis  of  the  limited  data  available,  it  appears  that  food 
sources  from  CCA  themselves  can  keep  postlarvae  alive  but  are 
not  adequate  to  support  rapid  growth. 

Most  studies  report  mean  growth  rates,  but  there  is  usually  wide 
variation  in  the  performance  of  indiv  iduals.  at  least  in  experimental 
and  hatchery  conditions.  For  example,  a  postlarva  occasionally 
grows  very  rapidly  despite  poor  food  conditions.  The  reasons  for 
this  are  unknown  but  may  include  physiological,  behavioral,  and 
genetic  factors.  Such  exceptional  individuals  may  have  a  much 
higher  chance  of  surviving  to  adulthood  in  natural  habitats.  There 
are  limited  studies  on  the  feeding  ecology  of  postlarval  and  early 
juvenile  abalone  in  their  natural  habitats.  More  work  is  needed  to 
understand  and  enhance  natural  recruitment. 


Dialoins  on  CX'A  in  .\aliinil  Hiihilals 

Litllc  work  has  been  done  on  diatom  communities  on  CCA 
surfaces  in  natural  habitats.  We  know  that  these  communifies  can 
vary  enormously,  but  there  is  evidence  that  they  are  often  domi- 
nated by  Cncconeis  spp.  Diatoms  with  strongly  adhesive  prostrate 
forms  such  as  Cocconeis  spp.  were  dominant  on  artificial  substrata 
in  areas  dominated  by  CCA  at  several  sites  in  northeastern  Japan 
(Kawamura  et  al.  1992,  Kawamura  1994),  and  dense  patches  of 
Cocconeis  spp.  were  observed  on  CCA  in  nearby  abalone  habitat 
(Takami  and  Kawamura  unpubl.  data).  Cocconeis  spp.  tend  to 
dominate  benthic  diatom  communities  when  there  is  high  grazing 
pressure  from  gastropods  (Kesler  1981,  Steinman  et  al.  1989. 
Kawamura  et  al.  1992,  Kawamura  1994),  including  juvenile  and 
adult  abalone  (loriya  and  Suzuki  1987,  Suzuki  et  al.  1987).  Given 
that  high  densities  of  grazing  gastropods  are  often  found  on  CCA 
(Ayling  1981,  Choat  and  Schiel  1982,  Kawamura  1997),  we  might 
expect  Cocconeis  to  be  dominant.  However,  diatom  colonization 
can  also  be  influenced  by  sloughing  of  coralline  epithallial  cells 
(e.g..  Masaki  et  al.  1984.  Johnson  and  Mann  1986.  Daume  et  al. 
1997).  To  determine  the  role  of  diatoms  in  the  nutrition  of  post- 
larval abalone  on  CCA  in  natural  environments,  we  need  to  carry 
out  further  field  experiments,  or  to  simulate  field  conditions  and 
diatoms  densides  more  closely  in  the  laboratory. 

TRAIL  MUCUS  OF  CONSPECIFIC  ABALONE 

Trail  mucus  of  conspecific  abalone  is  a  possible  food  source  for 
small  postlarval  abalone  both  on  pregrazed  plates  and  on  CCA  in 
natural  habitats.  H.  discus  hannai  postlarvae  were  grown  on  plates 
containing  C.  scutellum.  pregrazed  C.  scutelluin.  and  conspecific 
trail  mucus  without  diatoms.  Postlarvae  on  the  pregrazed  Cocco- 
neis film  grew  well  to  reach  1.400  |xm  SL  by  the  end  of  the 
experimental  period  (4  wk  postsettlement).  Postlarvae  grown  on 
Cocconeis  alone  and  mucous  trails  alone  reached  only  -500  and 
-700  |xm  average  SL,  respectively,  over  the  same  period  (Takami 
et  al.  1997a).  Trail  mucus  left  by  juveniles  during  grazing,  supple- 
mented with  extracellular  mucus  from  diatoms,  was  suggested  as 
the  main  food  source  for  small  postlarvae  until  about  800  [xm  SL. 
when  they  began  detaching  Cocconeis  cells  (Takami  et  al.  1997a). 
Juvenile  trail  mucus  was  not  a  sufficient  food  source  for  H.  discus 
hannai  larger  than  about  700  (xm  SL. 

In  natural  habitats,  trail  mucus  from  gastropods  other  than  aba- 
lone could  be  a  food  source  for  small  postlarval  abalone.  However, 
trail  mucus  of  three  gastropods  (Monodonta  labia.  Haloa  japonica. 
and  Cantharidus  jessoensis)  failed  to  induce  settlement  of  H.  dis- 
cus hannai  larvae,  whereas  settlement  was  induced  by  trail  mucus 
of  four  Haliotis  species  (//.  discus  hannai.  H.  discus  discus.  H. 
giganlea.  and  Haliotis  sieholdii  Reeve  1846)  (Seki  and  Kan-no 
1981b). 

BACTERIA 

The  diatom  strains,  trail  mucus,  and  CCA  used  in  postlarval 
feeding  experiments  (reviewed  above)  were  not  axenic.  Bacteria 
associated  with  those  food  materials  are  a  possible  food  source  for 
abalone. 

Mucous  trails  of  marine  gastropods  provide  a  good  medium  for 
bacterial  growth  (Horn  1986.  Peduzzi  and  Herndl  1991).  and  CCA 
surfaces  are  colonized  by  bacteria  in  the  natural  environment 
(Lewis  et  al.  1985.  Johnson  et  al.  1991).  Gariand  et  al.  (1985) 
reported  that  postlarval  H.  rubra  ingested  bacteria  on  CCA.  They 
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suggested  that  bacteria  may  perform  metabolic  activities  in  the  gut 
of  abalone  that  are  significant  to  the  host's  development. 

The  role  of  bacteria  in  postlarval  abalone  feeding  requires  fur- 
ther research.  Bacteria  are  no  doubt  consumed  by  postlarvae,  but 
their  contribution  to  nutrition  has  not  been  studied.  Bacterial  cells 
may  be  largely  indigestible  (like  many  diatoms  I,  so  their  e.xtracel- 
lular  products  could  be  the  main  source  of  nutrition.  Gut  bacteria 
contributed  to  polysaccharide  degradation  in  juvenile  (35  mm  SL) 
H.  midae  (Erasmus  et  al.  1997). 

MACROALGAE  OTHER  THAN  CCA 

Ulvella  lens 

Pregrazed  plates  dominated  by  Ulvella  lens  (a  radially  growing 
prostrate  green  alga)  and  Cocconeis  spp.  have  been  used  as  settle- 
ment surfaces  in  northern  Japan  (Takahashi  and  Koganezawa 
1988).  However,  Ulvella  itself  does  not  support  rapid  growth  of 
postlarvae.  Newly  metamorphosed  postlarval  H.  discus  hannai  did 
not  grow  well  when  fed  on  U.  lens  and  the  upright  diatom  Synedra 
tabniata  (Uki  et  al.  1981).  Seki  (1997)  reported  U.  lens  without 
diatoms  or  trail  mucus  sustained  growth  of  postlarvae  of  H.  discus 
hannai  for  20  days  after  settlement,  but  produced  slower  growth 
than  Ulvella  plus  C.  closterium.  especially  after  15  days  postsettle- 
ment.  Growth  of  H.  discus  hannai  (1.5  mm  initial  SL)  was  sig- 
nificantly lower  on  U.  lens  (Table  2;  Kawamura  1994)  than  on  four 
digestible  diatom  strains  (Table  1;  Kawamura  et  al.  1995). 


Juvenile  Stages  of  Macroalgae 

Juvenile  stages  of  various  macroalgae  supported  moderate  to 
rapid  growth  (90-138  |j.m/day)  of  3—4  mm  SL  H.  discus  discus 
(Table  2;  Yotsui  1978,  Maesako  et  al.  1984).  Comparable  growth 
was  recorded  on  a  diatom,  Navicula  sp.  (Maesako  et  al.  1984). 
Smaller  postlarvae  (1.3-2  mm  SL)  grew  poorly  on  juvenile  Myri- 
onema  sp.  (Table  2;  Yotsui  1978). 

Undaria  pinnatiflda 

H.  discus  hannai  (1.3  mm  initial  SL)  grew  only  42  )xm/day 
over  4  mo  when  fed  on  Undaria  pinnatiflda.  softened  by  freezing 
(Sakai  1976).  Salted  Undaiia  produced  low  to  moderate  growth 
rates  for  H.  discus  discus  (3.4  mm  initial  SL)  and  H.  gigantea  (3.1 
mm  initial  SL)  (Table  2;  Fujii  and  Yotsui  1989,  Fujii  1996). 

Blue-Green  Algae 

Maesako  et  al.  ( 1984)  examined  growth  of  H.  discus  discus  of 
3-4  mm  SL  fed  on  six  species  of  blue-green  algae.  Two  of  them, 
Entophysalis  deusta  and  Plectonema  golenkiniatum,  produced 
good  growth  (comparable  to  a  diatom,  Navicula  sp.,  and  juvenile 
macroalgae — see  above).  Four  other  blue-greens  gave  slower 
growth  (0-60  |j.m/day),  and  one  (Aphanocapsa  litoralis)  was  toxic 
(Maesako  et  al.  1984). 


Transition  to  Macroalgal  Diets 

Evidence  from  both  natural  habitats 


and  hatcheries  suggests 


that  abalone  feeding  becomes  increasingly  macroalgae  dominated 


TABLE  2. 
Growth  rates  of  young  abalone  reared  on  macroalgae  and  blue-green  algae. 


Abalone  species 


Algal  Diet 


Daily 

Initial 

Growth 

Abalone 

Growth 

Rate 

Size 

Period 

Temperature 

(fim  SL/day) 

(mm  SL) 

(days) 

(  C) 

Comments 


Reference 


H.  discus  discus      Myriotiema  sp. 


23.3 


1.3-2.0 


30 


H. 

discus  luinntu 

V.  pinualifida 

42 

1.3 

107 

11.6-13.8 

H. 

discus  litinnai 

U.  lens 

26.1 

1,4-1.5 

16 

20 

H. 

discus  discus 

Myrionema  sp. 

138 

3.7 

30 

16.9-21.0 

H. 

discus  discus 

Colpomeniu  sinuosa 

109.7 

3.5 

30 

14.0-19.3 

Eaocurpus  siliculosus 

107.2 

3.6 

30 

16,9-21.0 

Endarachne  hiughaniiae 

88.0 

3.4 

30 

14.0-19.3 

Emeromorpha  spp. 

110.0 

3.7 

30 

16.9-21.0 

H. 

discus  discus 

U.  pinnatiflda 

72 

3.4 

50 

* 

H. 

giganlea 

U.  piuncilifidii 

92 

3.1 

120 

12.5-21.5 

H. 

discus  discus 

A.  litoralis 

0.0 

3.5 

30 

14.0-19.3 

E.  deusta 

%.7 

3.6 

30 

14.0-19.3 

Plectonema 

58.7 

3.4 

30 

14.0-19.3 

caluthrichoides 

P.  golenkiniatum 

86.7 

3.5 

30 

14,0-19.3 

Phonnidium  fragile 

60.3 

3.6 

30 

14,0-19.3 

Spirulina  subsalsa 

31.0 

3.6 

30 

14.0-19.3 

An  early  developmental  stage 
which  has  disc  shaped 
prostrate  form  was  used  in 
this  experiment 

Sliced  fronds  of  Undaria  were 
used. 

Green  alga  with  a  radially 
spreading  prostrate  form. 

Brown  alga  with  a  radially 
spreading  prostrate  form 

Macroalga  germlings 


The  Undaria  fronds  were 
salted  before  they  were  fed 
to  the  abalone. 

As  above 

Blue  green  algae 


Yotsui  1978 


Sakai  1976 
Kawamura  1994 

Maesako  et  al. 

1984 
Maesako  et  al. 

1984 


Fujii  and 
Yotsui  1989 

Fujii  1996 
Maesako  et  al. 
1984 


*  Data  not  available. 
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as  juveniles  grow.  However,  the  size  at  which  this  transition  occurs 
is  highly  variable  and  probably  depends  on  local  food  supply. 

hi  the  natural  environment,  the  diet  of  H.  discus  haninii  shifted 
from  predominantly  diatom  in  5-10  mm  SL  juveniles  to  predomi- 
nantly macroalgae  and  seagrass  in  10-20  mm  SL  animals  (Tomita 
and  Tazawa  1971).  Fragments  of  CCA  dominated  gut  contents  of 
5-10  mm  SL  H.  Uwvi^aia  and  H.  scalaris.  hut  the  diet  shifted  from 
CCA  to  drift  macroalgae  as  juveniles  grew  to  20  mm  SL  (Shepherd 
and  Cannon  1988). 

In  hatcheries,  abalone  of  3-4  mm  SL  fed  and  grew  well  on 
early  juvenile  macroalgae  (Maesako  et  al.  1984).  They  also  fed  on 
artificially  softened  macroalgal  fronds,  although  reported  growth 
rates  were  generally  lower  than  on  juvenile  macroalgae  (Sakai 
1976.  Fujii  1996.  Fujii  and  Yotsui  1989).  Juvenile  H.  cUscks  han- 
nai  began  feeding  on  soft  algae  such  as  Ulva  spp.  at  about  4-5  mm 
SL  (Seki  1997).  Juveniles  over  13  mm  SL  fed  on  macroalgal 
fronds  such  as  Laininana  and  Eisenia  (Seki  1997).  which  were 
reported  as  having  high  dietary  values  for  juveniles  of  24-34  mm 
SL  (Uki  198  L  Uku  et  al.  1986).  In  a  laboratory  experiment,  H. 
discus  discus  over  5  mm  SL  grew  faster  on  CCA  than  on  benthic 
diatoms  (Ino  1952).  In  those  studies,  the  relative  contributions  of 
macroalgal  material  and  surface  microbiota  are  unknown.  Biofilm 
may  still  be  an  important  component  of  the  diet  during  weaning 
onto  macroalgae. 

Enzyme  production  may  provide  clues  to  diet  changes.  A 
marked  increase  in  the  activity  of  macroalgal  polysaccharide- 
degrading  enzymes  was  seen  in  H.  discus  hannai  at  about  2  mm 
SL.  when  fed  on  a  diatom.  C.  scutellum  (Takami  et  al.  1998).  Other 
studies  of  abalone  digestive  enzymes  have  all  related  to  larger 
juveniles  and  adults  (e.g..  Erasmus  et  al.  1997). 

A  shift  in  the  feeding  habit  from  microalgal  feeding  to  mac- 
roalgal feeding  seems  to  occur  at  around  5-10  mm  SL.  There  are 
limited  detailed  data  on  the  feeding  habits  of  young  juvenile  aba- 
lone and  on  the  relative  contributions  of  microbial  and  macroalgal 
components — the  diet  around  the  time  of  weaning  is  probably  a 


combination  of  both.  Juvenile  macroalgae  may  be  miporlant  in 
both  hatcheries  and  natural  habitats. 

DISCUSSION 

Generalizations  About  Growth  Rates 

Most  of  the  data  in  this  review  relate  to  temperate  abalone 
species,  which  have  similar  juvenile  growth  patterns.  The  first 
respiratory  pore  forms  at  around  2  mm  SL  (e.g.,  Hahn  1989)  and 
this  pore  is  filled  with  shell  at  about  3-5  mm  SL  (at  least  in  H. 
discus  haiimii  and  H.  iris).  We  can  make  tentative  generalizations 
about  growth  rates  of  these  postlarvae  when  fed  on  ingestible 
diatom  diets.  In  the  first  10  days  after  settlement,  growth  rate  is 
generally  between  20  and  30  jjim/day.  Growth  rate  often  falls  in  the 
following  1-2  wk.  This  drop  may  reflect  the  loss  of  supplementary 
energy  from  residual  yolk  and/or  DOM  absorption.  Diatom  digest- 
ibility makes  little  difference  during  this  period,  and  growth  rates 
are  typically  10-20  |a.m/day.  Above  -800  ixm  SL,  growth  rates 
respond  strongly  to  diet.  Postlarvae  of  0.8-2  mm  SL  fed  on  highly 
digestible  diatom  diets  grow  at  about  40-60  |j.m/day.  whereas 
those  fed  poor  diatom  diets  will  generally  grow  at  - 1 5-30  |j.m/day . 
Rapidly  growing  juveniles  over  3  mm  SL  will  grow  at  100  |xm/day 
or  more,  whereas  poor  diets  can  halve  these  growth  rates. 

These  generalizations  are  based  on  mean  growth  rates.  The 
ranges  for  individual  animals  will  be  much  greater  on  both  good 
and  poor  diets.  We  also  assume  that  postlarvae  are  ingesting  ma- 
terial on  poor  diets.  Growth  rates  of  postlarvae  without  adequate 
food  intake  will  be  much  lower  than  those  eating  relatively  poor 
diets.  Hypothetical  growth  curves  for  temperate  abalone  postlarvae 
reared  for  60  days  on  good  and  poor  diatom  diet  are  shown  in 
Figure  1 .  They  illustrate  the  influence  that  diet  quality  can  have  on 
growth,  even  in  the  first  2  mo. 

Research  Needs 

Further  research  is  needed  on  the  digestibility  of  diatoms,  and 
particularly  on  temporal  changes  in  digestibility,  and  the  factors 
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Figure  1.  Hypothetical  growth  curves  for  postlarval  abalone  fed  unialnal  diatom  films,  illustrating  the  effect  of  food  quality  on  growth  rate.  The 
"good  food"  curve  is  based  on  data  from  highly  digestible  diatoms,  and  the  "poor  food"  curve  is  based  on  data  from  largely  indigestible  diatoms. 
Likely  sources  of  nutrition  during  three  postlarval  feeding  stages  are  shown. 
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controlling  it.  From  our  limited  experience,  we  know  that  the 
digestibility  of  a  strain  can  change  from  low  to  high  and  then 
remain  high  over  at  least  several  weeks  (with  weekly  subcultur- 
ing).  The  ability  to  increase  the  digestibility  of  cultures  would 
benefit  abalone  hatcheries. 

Studies  on  digestive  enzymes  may  contribute  to  our  knowledge 
of  the  digestibility  of  food  sources  and  their  real  contribution  to 
postlarval  nutrition.  The  development  of  the  radula  and  digestive 
apparatus  has  not  been  studied  in  detail  in  relation  to  postlarval 
nutrition. 

The  precise  biochemical  dietary  requirements  of  postlarval  aba- 
lone  are  not  known,  and  there  are  limited  data  on  the  biochemical 
composition  of  diatoms,  especially  benthic  species.  Diatom  spe- 
cies do  differ  in  important  dietary  components  such  as  fatty  acid 
profiles  (Dunstan  et  al.  1994),  but  the  implications  of  this  in  terms 
of  food  value  and  growth  rates  of  abalone  are  not  known.  Rather 
than  analyze  a  wide  range  of  benthic  diatoms,  it  may  be  more 
productive  to  analyze  key  components  of  key  species  and  examine 
the  way  in  which  biochemical  food  value  can  be  enhanced  by 
manipulating  growing  conditions. 

The  role  of  behavior  in  feeding  success  has  been  neglected  for 
abalone  (Fleming  et  al.  1996),  and  postlarvae  are  no  exception.  We 
know  of  some  passive  interactions  between  the  postlarva  and  food 
that  can  affect  ingestion  efficiency,  but  the  role  of  active  postlarval 
behavior  has  not  been  studied. 

The  role  of  bacteria  in  postlarval  nutrition  is  poorly  known. 
Bacteria  will  be  ingested  with  most  foods,  but  they  may  be  largely 
indigestible  and  provide  little  nutrition.  Their  potential  role  in  gut 
function  should  be  studied  further. 

There  are  very  few  data  on  the  feeding  and  survival  of  post- 
larvae  and  small  juveniles  in  natural  habitats.  These  studies  are  a 
critical  part  of  understanding  natural  recruitment.  Diatom  commu- 
nities on  CCA  and  the  role  they  play  in  postlarval  nutrition  are 
poorly  known.  Competition  for  food  between  abalone  postlarvae 
and  other  microalgal  grazers  has  not  been  studied  in  detail.  Sur- 
vival studies  must  take  into  account  the  immediate  postlarval  pe- 
riod if  they  are  to  accurately  estimate  mortality  of  settled  larvae. 
The  role  of  exceptionally  robust  or  fast-growing  postlarvae  should 
also  be  considered  in  relation  to  survival  in  natural  habitats. 

Key  Diatoms  for  Abalone  Postlarvae 

A  number  of  diatom  species/genera  are  emerging  as  useful 
candidates  for  postlarval  abalone  culture.  We  need  to  be  cautious, 
however,  about  extrapolating  from  the  few  studies  published  to 
date.  Differences  may  occur  between  abalone  species,  between 
growing  systems/conditions,  and  between  strains  of  the  same  spe- 
cies/genus. Certainly,  generalizations  should  not  be  made  across 
diatom  genera  without  clear  identification  of  the  critical  properties 
of  the  diatom.  The  identification  of  CSIRO  Nitz.schia  and  Ndviciila 
strains  by  Fleming  et  al.  (19961  should  not  be  misinterpreted  as 
identifying  particularly  useful  species — there  are  numerous  spe- 
cies in  each  of  these  genera,  and  we  know  that  their  food  value  can 
vary  widely. 

Mindful  of  the  dangers  of  generalizing,  some  discussion  ol 
useful  diatom  species  is  warranted.  C.  closterium  (  =  Nitzschia 
closterhtm)  and  other  so-called  "needle  Nitzschia"  species  are 
highly  digestible,  even  for  postlarvae  less  than  500  |j.m  SL.  Their 
digestibility  appears  to  be  due  to  structural  weakness  of  the  frus- 
tule.  Cultures  generally  have  rapid  growth  and  high  mobility  initil 
they  near  stationary  phase.  In  our  experience,  "needle  Nitzschia" 
species  are  seldom  good  settlement  inducers  (and  they  can  have 


negative  effects)  so  are  best  added  after  settlement.  At  least  some 
"needle  Nitzschia"  species  can  be  bulk  cultured  in  suspension  by 
techniques  developed  for  planktonic  algae  (R.  Roberts  pers.  obs.). 

Coccoiieis  species  are  generally  very  tightly  attached,  low- 
profile  cells.  They  often  become  dominant  in  hatcheries,  but  are 
not  very  fast  growing.  The  cells  are  nearly  always  broken  during 
ingestion  (so  digestibility  is  high),  but  postlarvae  <600-800  jxm 
SL  often  do  not  ingest  Cocconeis  cells  efficiently.  On  pregrazed 
plates,  the  combination  of  mucous  trails  and  dense  Cuccoiieis  ap- 
pears to  provide  suitable  food  for  all  stages  of  postlarval  abalone. 
Cocconeis  films  probably  become  energetically  inadequate  as  ju- 
veniles grow,  but  the  size  at  which  this  occurs  has  not  been  es- 
tablished. The  food  value  of  pregrazed  plates  and  the  consistently 
high  settlement  they  induce  make  them  a  favorable  candidate  for 
the  initial  stages  of  abalone  culture.  The  technique  is  not  widely 
used  outside  Japan,  despite  evidence  of  its  effectiveness  for  H. 
rufesceiis  (Searcy-Bemal  et  al.  1992,  Slattery  1992).  Cocconeis 
spp.  can  be  cultured  on  large  scales,  but  they  grow  relatively 
slowly  and  most  cells  are  damaged  during  harvest.  Novel  growing 
systems  are  required. 

Some  Achnanthes  species  are  firmly  tethered  to  the  substratum 
by  a  stalk,  so  most  cells  are  broken  if  ingested.  Stalk  length  and 
cell  size  vary  greatly  and  can  limit  ingestibility  for  young  postlar- 
vae. Achnanthes  spp.  attaching  strongly  to  the  substratum  by  a 
stalk  may  be  useful  as  food  for  large  postlarvae  and  juveniles, 
which  can  ingest  them  efficiently,  and  grow  rapidly.  Three- 
dimensional  Achnanthes  populations  provide  a  much  higher  bio- 
mass  per  unit  area  than  do  low-volume,  two-dimensional  Cocco- 
neis films.  Achnanthes  cells  are  likely  to  be  broken  during  harvest, 
and  dense  Achnantlies  populations  can  interfere  with  settlement. 
Starter  cultures  could  be  added  to  postlarval  tanks  some  time  after 
settlement,  to  grow  to  high  densities  by  the  time  postlarvae  are 
large  enough  to  ingest  them. 

Food  Quantity 

Food  quality  can  have  a  major  influence  on  growth  rates.  How- 
ever, in  abalone  hatcheries,  the  ability  to  maintain  a  suitable  c/uan- 
tity  of  accessible  food  is  also  critical  and  probably  has  a  great 
influence  on  both  growth  and  survival  of  postlarvae.  Ingestion 
rales  have  been  estimated  by  measuring  the  size  of  cleared  patches 
in  diatom  films  (Martines-Ponce  and  Searcy-Bemal  1998)  and  by 
measuring  fecal  volume  (Roberts  et  al.  unpubl.).  Ingestion  rates 
increase  exponentially  as  postlarvae  grow  (Roberts  et  al.  unpubl.), 
so  rapid  clearance  of  diatom  films  from  plates  is  not  uncommon 
and  may  lead  to  heavy  mortalities.  Increased  postlarval  densities 
reduce  percent  survival  and  growth  rates  (e.g.,  Oomori  et  al.  1995). 

Food  accessibility  complicates  the  issue  of  food  quantity.  Post- 
larvae ingest  some  diatoms  much  more  efficiently  than  others, 
which  leads  to  selective  feeding.  This  is  partly  due  to  passive 
physical  interactions  between  the  abalone  and  the  food.  On  the 
microscopic  scale  of  a  postlarva.  a  young,  thin,  and  mobile  diatom 
film  differs  from  an  old.  thick,  and  stable  film.  Old  films  often  peel 
away  as  sheets,  and  postlarvae  may  dislodge  a  large  proportion  of 
the  biomass  rather  than  ingesting  it.  Biofilm  thickness  and  age  will 
also  affect  the  water  quality  in  the  diffusive  boundary  layer  that  the 
postlarva  occupies  (Searcy-Bernal  1996). 

Abalone  farmers  want  predictable  production  of  healthy,  fast- 
growing  juveniles.  The  challenge  is  to  maintain  u  supply  of  readily 
ingestible  and  digestible  food,  in  the  face  of  rapidly  increasing 
grazing  pressure.  This  is  not  a  simple  task. 
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GRAZING  RATES  OF  RED  ABALONE  (HAUOTIS  RUFESCENS)  POSTLARVAE  FEEDING  ON 

THE  BENTHIC  DIATOM  NAVICULA  INCERTA 
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ABSTRACT  This  article  describes  attempts  to  estimate  grazing  rates  of  haliotid  postlarvae.  Two  similar  experiments  with  Halioiis 
rufesceiis  postlarvae  of  different  ages  (2-30  days)  were  conducted.  Postlarvae  were  placed  into  10-mL  containers  previously  inoculated 
with  the  benthic  diatom  Navicula  incerla.  Two  hours  later,  video  recordings  at  different  magnifications  on  an  inverted  microscope  were 
pert'ormed.  Images  were  analyzed  digitally  to  estimate  grazed  areas  and  diatom  density,  which  were  combined  to  calculate  grazing 
rales.  Individual  grazing  rates  ranged  from  20  to  724  cell.s/hour  during  the  first  month  of  postlarval  life.  Grazing  activity  was  minimal 
during  the  first  week  but  increased  abruptly  after  the  second  or  third  week  after  a  shell  length  of  0.47  mm  was  attained.  The  potential 
application  of  the  quantitative  assessment  of  grazing  rates  for  optimizing  abalone  postlarval  culture  is  discussed. 

KEY  WORDS:     abalone.  Halwlis  riifescens.  postlarvae.  grazing  rates 


INTRODUCTION 

In  abalone  {Halioris  spp.)  seed  production,  most  mortality  (ca. 
>909r)  occurs  during  the  first  2  mo  after  larval  settlement,  prob- 
ably because  of  poor  metamorphosis  induction  and/or  postlarval 
culture  conditions  (Hahn  1989,  Morse  1992,  Searcy-Bemal  et  al. 
1992a,  Seki  and  Taniguchi  1996).  High  losses  (ca.  >70%)  may 
occur  even  after  successful  metamorphosis  (Searcy-Bernal  et  al. 
1992a.  Searcy-Bemal  et  al.  1992b)  because  of  postlarval  overgraz- 
ing of  the  benthic  biofilms  supplied  as  food.  On  the  other  hand, 
when  grazing  pressure  is  below  optimal,  these  biofilms  may  be- 
come overdeveloped,  which  also  results  in  high  postlarval  mor- 
talities due  to  adverse  ecological  conditions  (Ebert  and  Houk  19S4, 
Hahn  1989,  long  and  Moss  1992.  Searcy-Bernal  1996). 

Among  several  research  topics  currently  addressed  on  these 
early  abalone  stages,  special  interest  has  been  recently  devoted  to 
postlarval  feeding,  including  the  determination  of  the  onset  of 
feeding  on  benthic  diatoms,  the  initial  postlarval  feeding  require- 
ments, and  the  effect  of  different  diatoms  strains  on  early  survival 
and  growth  (Norman-Boudreau  et  al.  1986,  McBride  1990,  Mat- 
thews and  Cook  1995,  Kawamura  and  Takami  199.5,  Kawamura 

1996,  Daumeetal.  1997,  Kawamura  et  al.  1997.  Kitting  and  Morse 

1997,  Takami  et  al.  1997).  However,  the  quantitative  as.sessment 
of  postlarval  grazing  rates  has  not  yet  been  addres.sed,  despite  its 
importance  for  the  adequate  management  of  culture  systems. 

This  article  describes  experiments  to  estimate  grazing  rates  of 
haliotid  postlarvae.  Two  similar  trials  with  Haliotis  riifescens 
(Swainson)  postlarvae  of  different  ages  (2-30  days)  feeding  on  the 
benthic  diatom  Navicula  incerta  are  described.  Grazing  rates  were 
estimated  by  the  digital  analysis  of  video-recorded  images. 

METHODS 

Two  similar  experiments  were  conducted  in  September  1995 
and  June  1996.  Early  veliger  larvae  of  the  red  abalone  H.  rufescens 
were  donated  by  a  commercial  hatchery  (Abulones  Cultivados. 
Erendira.  Mexico).  Further  larval  culture  and  metamorphosis  in- 
duction with  7-aminobutyric  acid  (GABA)  were  performed  at  the 
Instituto  de  Investigaciones  Oceanologicas  (Ensenada.  Mexico)  in 
20-L  containers,  following  methods  described  elsewhere  (Searcy- 
Bemal  et  al.  1992a,  Searcy-Bemal  et  al.  1992b). 


The  cultured  diatom  N.  incerla  was  added  as  food  2  days  after 
settlement  induction.  This  small  benthic  diatom  (ca.l3  p.ni  length) 
was  isolated  from  local  coastal  waters  and  is  currently  used  in 
research  and  commercial  operations  in  Mexico.  Seawater  (car- 
tridge filtered  to  l-p,m-pore-sized,  ultraviolet-treated,  10  mg/L  of 
chloramphenicol)  was  changed  every  other  day  during  the  first  2 
wk,  and  a  gentle  flow  of  filtered  seawater  (5  |jim  pore  size)  was 
provided  thereafter.  Constant  fluorescent  illumination  (ca.  50  |xE/ 
s/nr)  was  supplied.  The  average  water  temperatures  were  17  ±  1 
and  14  ±  l°C  in  the  first  and  second  experiments,  respectively. 

At  different  times  after  settlement  induction  (2,  4,  6,  12,  and  30 
days  in  the  first  experiment  and  at  Days  4.  6.  10,  12,  18,  and  25  in 
the  second),  postlarvae  were  collected  for  the  determination  of 
grazing  rates.  Six  postlarvae  of  each  age  were  introduced  into  each 
of  the  six  wells  of  a  sterile  culture  chamber  (Corning  Mod.  25810, 
10-mL  capacity  and  9.4-cm~  bottom  area),  which  were  previously 
(24-36  h)  inoculated  with  N.  incerla  following  standardized  cri- 
teria such  as  immersion  of  batch  culture  containers  in  an  ultra- 
sound bath  for  3-5  min  to  disperse  cells  before  counting  and  the 
addition  of  a  uniform  inoculum  to  all  wells  (ca.  200  cells/mm"). 

Two  hours  after  the  introduction  of  abalone  postlarvae,  video 
recordings  were  performed  on  an  inverted  microscope,  at  different 
magnifications,  for  the  determination  of  postlarval  length,  grazed 
areas,  and  the  density  of  diatoms  in  adjacent  ungrazed  surfaces  by 
digital  image  analysis  (NIH  Image  1.57  program  in  a  PowerPC 
Macintosh  computer).  If  required,  estimates  of  grazed  areas  were 
corrected  by  subtracting  inner  subareas  occupied  by  diatoms  that 
were  not  removed  by  postlarvae.  Grazing  rates  were  estimated  by 
multiplying  grazed  areas  by  diatom  densities  and  di\'iding  these 
products  by  2  h.  Previous  experience  has  shown  that  postlarvae 
start  feeding  almost  immediately  after  their  introduction  into  ves- 
sels (ca.  in  less  than  2  min)  and  that  N.  incerla  growth  and  recolo- 
nization  of  cleared  areas  are  negligible  during  the  2-h  experimental 
period  (Marti'nez-Ponce  1997). 

RESULTS 

Tables  1  and  2  provide  the  data  used  to  estimate  average  graz- 
ing rates  for  different  postlarval  ages  in  Experiments  1  and  2. 
respectively.  Postlarval  growth  data  for  both  trials  are  displayed 
graphically  in  Figure  I.  which  shows  an  overall  higher  growth  in 
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TABLE  1. 

Means  of  the  different  variables  used  to  estimate  individual  grazing 

rates  of  H.  riifesceiis  postlar>ae  feeding  on  tlie  diatom  N.  inceria  in 

Experiment  1  (September  1995;  average  temperature,  17  ±  ICl. 


Age 
(days) 


No.  of 
Postlarvae 


Shell 
Lengtb 
( nun ) 


Grazed 

Area 
( mm"/h  I 


Diatom 

Density 

(cells/mm") 


Grazing 

Rate 
(cells/hi 


2 

16 

0.290 

0.122 

156 

20 

4 

23 

0.323 

0.588 

108 

53 

6 

36 

0.378 

0.727 

149 

110 

12 

17 

0.470 

1.497 

44  S 

662 

30 

25 

1 .326 

1.16.5 

632 

724 

the  first  trial  than  in  the  second  (.37  and  1 1  ixm/day.  respectively), 
although  this  variable  was  similar  during  the  first  12  days.  Slopes 
of  linear  regressions  of  length  versus  time  in  Experiments  I  (0.32) 
and  2  (0.15)  were  significantly  different  (t  =  5.556.  p  =  0.001). 

Average  grazing  rales  are  plotted  in  Figure  2.  In  the  first  trial, 
individual  rates  ranged  between  20  and  724  cells/li.  with  lowest 
values  during  the  first  week  and  a  sharp  increase  between  ages  6 
and  12  days.  In  the  second  experiment,  these  values  ranged  be- 
tween 74  and  292.  with  lowest  figures  in  the  first  2  wk  and  an 
increase  between  12  and  18  days.  At  ages  4  and  6  days,  grazing 
rates  were  not  significantly  different  between  experiments  Uif  = 
1,1 1;  F  =  4.67;  p  =  0.06  and  f  =  1.73.  p  =  0.22,  respectively), 
but  a  significant  difference  was  found  at  1 2  days  of  age  (df  =  1,11; 
f  =  7,47.  p  =  0.02). 

Figure  3  shows  the  relationship  between  grazing  rates  and  post- 
larval  lengths  in  both  trials.  Grazing  on  N.  incerta  increased 
abruptly  after  postlarvae  reached  0.47  and  0.58  mm  in  the  first  and 
second  experiments,  respectively. 

DISCUSSION 

The  digital  analysis  of  video-recorded  images  has  proved  to  be 
a  useful  tool  in  studying  abalone  postlarval  feeding.  This  method 
allows  the  quick  and  reliable  determination  of  grazed  areas,  diatom 
densities,  and  postlarval  length,  which  are  basic  data  required  for 
the  estimation  of  grazing  rates,  postlarval  growth,  benthic  diatom 
production,  etc.  Handling  of  abalone  is  minimized,  and  images  can 
be  stored  as  a  permanent  record  for  verification  of  data  or  foi' 
performing  new  observations  or  measurements  not  previously  con- 
sidered. In  particular,  the  use  of  an  inverted  microscope  allows  the 
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Figure  1.  Growth  of  red  abalone  (f/.  riifescens)  postlarvae  in  two  in- 
dependent experiments.  Data  are  means  of  six  replicates,  and  vertical 
bars  are  standard  errors. 

direct  observation  of  the  ingestion  of  food  panicles  (Kawamura 
1996)  and  of  the  development  and  functioning  of  postlarval  feed- 
ing structures  (e.g..  mouth  and  radula).  Image  analysis  has  also 
been  recently  used  to  record  the  frequency  of  feeding  movements 
of  abalone  postlarvae  (Kitting  and  Morse  1997).  in  studies  on 
larval  metamorphosis  (Searcy-Bernal  et  al.  1997).  and  to  assess 
standing  crop  in  an  abalone  commercial  growout  facility  (Vilchis- 
Guajardo  1997). 

The  method  used  may  produce  overestimates  of  grazing  rates 
under  certain  conditions.  For  instance,  clumps  of  diatoms  are  usu- 
ally formed  in  high  biofilm  densities,  which  can  be  removed  from 
the  substrate  by  the  shell  movements  of  postlarvae  and  not  by 
feeding  activity.  This  situation  may  also  result  from  suboplimal 
separation  of  diatom  cells  by  ultrasound  during  the  preparation  of 
experimental  vessels.  Diatoms  can  also  be  removed  by  the  radula 
and  not  ingested,  or  ingested  and  regurgitated.  Although  these 
situations  were  occasionally  observed,  their  effect  would  not  in- 
validate the  general  inferences  from  the  experiments  discussed 
below. 

In  both  experiments,  grazing  rates  of//,  nifesceiis  postlarvae  on 
N.  incerta  were  minimal  during  the  first  days  after  metamorphosis. 
This  result  is  consistent  with  studies  on  gut  and  feces  contents  in 
several  abalone  species  including  Haliotis  kamtchatkana  (Nor- 
man-Boudreau  et  al.  1986),  Haliotis  discus  hannai  (Seki  and  Ta- 
niguchi  1996.  Kawamura  and  Takami  1995.  Kawamura  1996), 
Haliotis  iniJae  (Matthews  and  Cook  1995).  Haliotis  n(/'ra  (Daume 
et  al.  1997).  Haliotis  ///.?( Kawamura  et  al.  1997).  and  H.  riifescens 


TABLE  2. 

Means  of  the  different  variables  used  to  estimate  Individual  grazing 

rates  of  //.  riifescens  postlar>ae  feeding  on  the  diatom  ,V.  inceria  in 

Experiment  2  (June  1996;  average  temperature,  14  ±  f  C). 
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Figure  2.  Estimated  grazing  rates  of//,  riifescens  postii 
ent  ages  in  the  two  experiments.  Data  are  means  of  six 
vertical  bars  are  standard  errors. 
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Figure  i.  Kelatiunship  btt«tin  grazing  rates  of//,  rufescens  postlar- 
vae and  their  shell  length  in  two  independent  experiments. 

(Kitting  and  Morse  1997).  During  these  early  postlarval  days,  most 
energy  requirements  may  be  derived  from  the  use  of  yolk  reserves 
and  dissolved  organic  matter  (Manahan  and  Jaeckle  1992,  Shilling 
et  al.  1996)  or  the  ingestion  of  diatom  extracellular  products,  mu- 
cus, bacteria,  and  other  components  of  biofilms  (Kawamura  1996. 
Seki  and  Taniguchi  1996). 

Postlarval  growth  rates  were  also  similar  between  experiments 
during  the  first  days  postsettlement.  but  significant  differences 
developed  after  Day  1 2.  resulting  in  an  average  growth  rate  three 
times  higher  in  Experiment  1  than  in  Experiment  2  (37  and  11 
|jLm/day.  respectively).  This  difference  might  reflect  variations  in 
culture  and  experimental  conditions  or  between  larval  batches. 
Most  conditions  were  similar  between  trials  (e.g..  postlarval  den- 
sity, feeding,  irradiance.  etc.).  but  temperature  differed  widely  and 
may  have  influenced  postlarval  growth  (Tables  1  and  2).  Average 
growth  rates  of//,  rufescens  postlarvae  reported  here  are  within  the 
range  of  values  at  similar  temperatures  found  in  previous  studies 
(Leighton  1974.  Ebert  and  Houk  1989.  Flores-Aguilar  1989. 
McBride  1990).  However,  despite  the  temperature  differences, 
shell  growth  was  similar  during  the  first  12  days  in  both  trials.  This 
suggests  that  the  effect  of  temperature  on  growth  was  especially 
important  after  postlarvae  became  dependent  on  diatoms.  The 
lower  temperature  in  Experiment  2  might  have  limited  diatom 
growth  and  biotllm  development,  resulting  in  poor  food  quality  or 
abundance  for  postlarvae  in  culture  containers,  although  this  pos- 
sibility was  not  explored. 

There  was  a  striking  difference  between  experiments  regarding 
the  onset  of  vigorous  feeding.  In  Experiment  1.  it  occurred  be- 


tween Days  6  and  12.  whereas  in  Experiment  2,  it  occuned  be- 
tween Days  12  and  IS  after  settlement  (Fig.  2).  However,  the 
ingestion  of  diatoms  was  observed  on  the  inverted  microscope 
from  Day  4  in  both  experiments.  Vigorous  feeding  started  at  a 
larger  size  in  Experiment  2  after  a  shell  length  of  579  (xm  was 
attained,  compared  with  470  jim  in  Experiment  I  (Tables  1  and  2; 
Fig.  3).  These  results  suggest  that  in  Experiment  2,  postlarvae  were 
able  to  reach  higher  developmental  stages,  mainly  on  the  basis  of 
the  utilization  of  energy  reserves,  dissolved  organic  matter,  or 
other  nondiatom  food  sources,  delaying  the  dependence  of  feeding 
on  N.  incerta.  Although  this  pattern  may  be  related  to  the  lower 
temperature  in  this  trial,  nutritional  or  genetic  differences  between 
larval  hatches  cannot  be  ruled  out. 

The  initial  feeding  on  diatoms  may  be  influenced  by  several 
factors,  including  diatom  size  and  adhesive  strength.  Kawamura 
(1996)  reported  that  H.  discus  hamuli  postlarvae  can  start  consum- 
ing loosely  adhered  small  diatoms  at  a  shell  length  of  350  p.nT. 
however,  diatoms  with  high  adhesive  strength,  like  Cocconeis  spp. 
are  consumed  after  postlarvae  attain  a  shell  length  of  800  (j.m  and 
are  strong  enough  to  break  their  cell  walls.  Similar  results  have 
been  reported  for  H.  midae  (Matthews  and  Cook  1995)  and  H. 
rulva  (Daume  et  al.  1997).  In  this  study,  two  trials  with  the  same 
abalone  and  diatom  species  resulted  in  very  different  patterns  of 
initial  postlarval  feeding,  suggesting  that  environmental  conditions 
and  differences  in  larval  batches  may  also  be  important  factors 
controlling  the  onset  of  abalone  postlarval  feeding. 

The  quantitative  assessment  of  grazing  rates  during  abalone 
postlarval  development  under  culture  conditions  and  of  their  rela- 
tionship with  biological  and  environmental  factors  provides  im- 
portant guidelines  for  controlling  and  optimizing  this  difficult  cul- 
ture stage.  Postlarval  densities  and  feeding  strategies  might  then  be 
managed  to  maximize  production. 
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ABSTRACT  High  growth  rate  is  a  key  to  viability  in  the  ahalone  aquaculture  industry,  and  an  excellent  diet  is  required  to  achieve 
it.  A  basic  Macrocvstis  diet  might  be  greatly  improved  by  supplementing  it  with  another  algal  species.  We  observed  that  the  epiphytic 
red  alga.  Microcladia  couUeri.  was  rapidly  consumed  by  8-16  mm  abalone.  The  purpose  of  this  study  was  to  evaluate  this  alga  for  its 
ability  to  stimulate  growth  rate  in  juvenile  abalone  under  production  conditions.  A  pairwise  design  with  eight  cages  and  33.000  8-mm 
abalone  was  used  to  compare  a  control  Macrocystis  diet  with  a  M/croc/adia-supplemented  diet  over  a  4-mo  period.  The  supplemented 
cages  gained  weight  2.6  times  as  rapidly  as  did  the  consols.  Shell  growth  and  sur\'ival  were  significantly  higher  in  the  supplemented 
populations  as  well.  Thus,  the  Microcladia  had  a  pronounced  effect  on  the  yield. 

KEY  WORDS: 


INTRODUCTION 

Because  of  the  long  production  cycles  in  commercial  abalone 
(Haliotis  spp.)  culture  operations,  profitability  is  closely  tied  to  the 
growth  rates  that  are  sustained.  Periods  of  slow  growth  need  to  be 
identified  and  eliminated  in  order  to  speed  up  the  production  pro- 
cess. 

One  such  slow  growth  period  often  occurs  at  approximately  8 
mm,  when  the  abalone  are  weaned  off  of  the  natural  and  formu- 
lated nursery  feeds  and  are  placed  on  the  macroalga  Macrocystis 
pyrifera  (Linnaeus)  Agardh.  These  5-  to  8-month-old  juveniles 
often  grow  at  mean  rates  of  only  1 .0  mm/mo  during  the  first  4  mo 
on  Macrocystis.  For  instance.  Trevelyan  et  al.  (19')5)  compared 
Macrocystis-fed  populations  of  juvenile  red  abalone  with  baskets 
receiving  both  Macrocy.stis  and  a  supplement  of  the  red  alga  Pal- 
maria  mollis  Smith.  It  was  found  that  mean  growth  rates  in  the 
unsupplemented  controls  averaged  1.1  mm/mo.  whereas  baskets 
supplemented  with  P.  mollis  grew  significantly  faster,  averaging 
1.4  mm/mo.  Thus,  growth  during  the  early  weaning  period  was 
slow  but  could  be  improved  by  dietary  changes.  Methods  for  cul- 
turing  P.  mollis  were  developed  by  Levin  ( 1991 ).  and  its  use  as  an 
abalone  feed  was  first  discovered  at  the  Hatfield  Marine  Science 
Center  (Dr.  C.  J.  Langdon  pers.  comm.). 

This  discovery  suggested  that  other  red  algal  species  might  also 
stimulate  growth  of  juvenile  abalone.  Tons  of  a  diverse  mixture  of 
red  algae  drift  up  onto  the  beaches  near  our  facility  each  year. 
While  testing  various  species  from  this  mixture,  we  noticed  that 
one  abundant  species,  Gigartina  e.xasperata  Harvey  and  Bailey. 
often  supported  a  lush  growth  of  a  delicate  red  epiphyte,  Micro- 
cladia coiilteri  Harvey,  and  that  this  epiphyte  was  rapidly  con- 
sumed by  the  abalone.  It  appeared  possible  to  collect  enough  Mi- 
crocladia to  use  commercially,  at  least  during  the  weaning  period. 
Thus,  the  purpose  of  this  study  was  to  evaluate  Microcladia  for  its 
value  as  a  supplemental  feed  for  8-16  mm  abalone. 

MATERIALS  AND  METHODS 

On  May  25.  1994.  eight  floating  mesh  baskets  were  stocked 
with  4.200  abalone  (8.26  mm  in  mean  length)  each  at  the  Abalone 
Farm  Inc.  (AFI)  facility  in  Cayucos.  CA.  These  baskets  were  di- 
vided by  location  into  four  side-by-side  pairs  of  baskets.  Each  of 
the  baskets  in  each  pair  was  randomly  assigned  to  receive  one  of 


the  two  different  feeding  treatments.  Thus,  a  randomized,  pairwise 
design  was  used  in  this  study. 

All  eight  baskets  were  initially  filmed  with  live  benthic  dia- 
toms, and  all  baskets  received  1^  kg  of  fresh  Macrocystis  per 
week.  This  was  enough  to  maintain  a  constant,  ad  libidum  feed 
resource  for  these  baskets  and  also  to  form  a  canopy  that  shaded 
the  populations.  One  basket  in  each  pair  also  received  a  supple- 
ment of  0.2-1.0  kg  of  Microcladia  per  week.  The  feedings  were 
conducted  3  times  per  week.  Microcladia  was  collected  from  the 
beach  wrack  below  the  AFI  facility,  away  from  the  seawater  ef- 
fluent discharges.  Most  of  the  Microcladia  was  collected  from 
fronds  of  G.  e.xasperata.  which  is  a  large  red  alga  sometimes  called 
"Turkish  towel"  that  is  often  abundant  in  the  local  drift  algae.  The 
Microcladia  was  identified  as  M.  coulteri  by  the  descriptions  in 
Abbott  and  Hollenberg  (1976).  M.  coulteri  is  the  largest  of  the 
three  Microcladia  species  occurring  in  California,  and  ranges  from 
Vancouver  to  Baja  California.  However,  we  may  have  also  col- 
lected and  fed  some  Microcladia  californica.  because  as  Abbott 
and  Hollenberg  (1976)  point  out.  the  vegetative  limits  of  the  two 
species  are  confused. 

After  124  days  (4.1  mo),  the  baskets  were  harvested.  Algal 
debris  was  removed,  and  the  whole  population  from  each  basket 
was  weighed.  A  sample  (80  g)  was  taken  from  each  population  and 
was  weighed  and  counted.  Shell  lengths  of  50  abalone  from  this 
sample  were  measured  to  the  nearest  0.1  mm  with  vernier  calipers. 
From  these  data  were  calculated  the  monthly  percent  weight  gain, 
survival,  and  the  mean  shell  growth  rate  (millimeters  per  month) 
occurring  in  each  basket.  In  addition,  the  coefficient  of  variation 
(CV)  for  final  shell  length  was  calculated  for  each  basket  popula- 
tion. CV  equals  the  ratio  of  the  variance  over  the  mean,  and  is 
expressed  as  a  percent.  Pairwise  /-tests  were  performed  to  test  for 
significant  treatment  effects. 

RESULTS 

Feeding  Rate 

Microcladia  was  consumed  rapidly.  The  abalone  appeared  to 
prefer  the  Microcladia  over  Macrocystis.  consuming  all  of  the 
former  before  consuming  much  of  the  latter.  The  abalone  initially 
consumed  14  g  of  Microcladia  per  basket  per  day.  This  equaled  a 
daily  Microcladia  feeding  rate  of  4%  of  biomass  per  day.  This 
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TABLE  1. 
Monthly  percent  weight  gain. 

Shell 

TABLE  .3. 

growth  (mm/mo). 

Treatment 

Pair  1 

Pair  2 

Pair  3 

Pair  4 

Mean 

Treatment 

Pair  1 

Pair  2 

Pair  3 

Pair  4 

Mean 

Control 

MicrocludiLi 

.S7.9 
139.2 

54.1 
141.3 

41.3 
107.2 

31.0 
153.2 

51.1 
135.2 

Control 
Microcladia 

1.(11 
1.71 

1 .09 
1.87 

0.79 
1.5X 

1.21 
2,01 

1.03 
1.79 

ration  was  gradually  increased  to  142  g/day  by  tlie  end  of  the 
experiment.  At  this  time,  tiie  daily  Murockidia  ration  was  6.8%  of 
biomass.  Uneaten  Mkrochidia  began  to  rot  after  3  days  in  the 
baskets.  Therefore,  it  had  to  be  fed  3  times  per  week  in  order  to 
maintain  a  constant  supply. 

Weight  Gain 

Table  1  shows  the  monthly  percent  weight  gain  data  for  each  of 
the  eight  baskets.  Each  Microcladia  basket  gained  weight  2.4-3.0 
times  faster  than  did  its  respective  control  basket.  The  Mest 
showed  that  baskets  receiving  Microcladia  gained  weight  signifi- 
cantly (p  =  0.002)  faster  than  did  control  baskets.  The  monthly 
percent  weight  gain  of  153%  observed  in  the  Microcladia  basket 
of  Pair  4  was  the  fastest  that  we  had  ever  measured  in  the  basket 
system. 

Survival 

Table  2  shows  the  survival  rate  observed  in  each  of  the  eight 
baskets.  Survival  was  good  in  all  baskets  but  was  especially  good 
in  the  Microcladia  baskets.  In  fact,  the  ^test  showed  that  Micro- 
cladia significantly  increased  the  survival  rate  (p  =  0.015).  Thus, 
the  increased  population  weight  gain  (Table  1)  observed  in  the 
Microcladia  baskets  was  partly  due  to  increased  survival. 

Shell  Growth 

However,  most  of  the  increased  weight  gain  in  these  Micro- 
cladia baskets  was  due  to  increased  growth  rates  of  the  sur\  iving 
abalone.  as  Table  3  demonstrates.  The  feeding  treatment  had  a 
highly  significant  effect  (p  =  0.00006)  on  the  mean  shell  growth 
rate  occurring  in  a  basket. 

The  Microcladia-fed  populations  grew  at  mean  rates  of  1.58- 
2.01  mm/mo.  depending  on  the  pair.  The  Microcladia  basket  in 
Pair  3  had  the  slowest  growth  of  the  four  Microcladia  baskets.  This 
basket  had  one  small  Cancer  crab  in  it  for  several  weeks.  This  crab 
caused  some  of  the  abalone  to  crawl  out  of  the  water  every  night. 
Removal  of  the  crab  remedied  the  situation.  The  relatively  slow 
growth  in  this  basket  may  have  been  caused  by  the  presence  of  this 
crab.  Overall,  however,  the  Microcladia-fed  baskets  had  rapid 
growth,  averaging  1.79  mm/nio.  This  growth  rate  was  74%  faster 
than  that  of  the  controls. 


Uniformity  of  Growth 

Another  important  parameter  is  the  CV  of  the  final  shell  lengths 
(Table  4).  This  measures  how  uniformly  the  populations  grew.  The 
CV  of  the  Microcladia  baskets  averaged  slightly  less  than  did  that 
of  the  controls,  although  this  difference  was  not  significant. 

Cost-Benefit  Calculation 

Each  Microcladia  basket  received  a  total  of  1 1.6  kg  of  Micro- 
cladia during  the  4  mo  of  the  experiment.  Approximately  I  man 
hour  was  needed  to  collect  I  kg  of  Microcladia.  Thus,  at  $6.00/h. 
the  Microcladia  cost  about  $70.00  per  basket.  If  we  assuine  that 
the  abalone  were  worth  2.0  cents/mm.  then  we  can  estimate  the 
dollar  value  of  the  increased  production  occurring  in  each  basket 
receiving  the  Microcladia.  On  average,  a  Microcladia  basket 
yielded  17,747  more  mm  of  abalone  than  did  the  average  control 
basket.  This  number  of  millimeters  was  worth  approximately 
$355.00.  Thus,  the  benefit  greatly  exceeded  the  cost, 

DISCUSSION 

This  study  demonstrated  that  a  Microcladia  supplement 
strongly  enhanced  the  growth,  survival,  and  overall  productivity  of 
juvenile  red  abalone  populations  in  our  commercial  basket  system. 
The  supplement  produced  a  rate  of  population  weight  gain  equal  to 
2.6  times  that  of  the  conventional  Macrocy.^tis  controls.  This  red 
algal  supplement  resulted  in  shell  growth  averaging  1.8  mm/mo, 
which  was  74%  faster  than  that  of  the  controls  ( 1 .0  mm/mo). 
Microcladia  is  therefore  the  best  supplement  found  thus  far  for  our 
8-15  mm  abalone.  Recent  work  in  our  nursery  suggests  that  Mi- 
crocladia is  an  excellent  alga  for  younger  (5-8  mm)  abalone  as 
well. 

The  Microcladia  supplement  caused  the  abalone  to  produce 
shells  with  the  same  bright  color,  predominantly  red,  that  is  char- 
acteristic of  wild  Halioiis  ritfesccns.  Although  red  algae  are  known 
to  be  preferred  and  superior  to  brown  algae  by  abalone  from  the 
southern  hemisphere,  H.  rufescens  is  thought  to  prefer  brown  algae 
such  as  Macrocysiis  (Shepherd  and  Steinberg  1992).  Perhaps  red 
algae  such  as  Microcladia.  although  usually  a  small  component  of 
the  diet  of  H.  riife.tcens.  nevertheless  play  a  disproportionately 
important  role  in  this  species"  health  and  nutrition. 

One  potential  problem  of  using  Microcladia  in  production  sys- 
tems was  seen  in  Pair  3  of  this  study:  the  inadvertent  introduction 
of  young  predatory  crabs  with  the  algae.  A  method  needs  to  be 
developed  to  ensure  that  the  alga  is  free  of  such  pesls.  To  this  goal. 


TABLE  2. 
Survival. 

CV 

TABLE  4. 
in  final  shell  lengths. 

Treatment 

Pair  1 

Pair  2          Pair  3 

Pair  4 

Mean 

Treatment 

Pair  1 

Pair  2 

Pair  3 

Pair  4 

Mean 

Control 
Microcladia 

92.9 

98. ,S 

91.4  90.0 

97.5  102.5 

86.2 
98.0 

90. 1 
99.2 

Control 
Microcladia 

45.39 
51.16 

55.09 
38.92 

48.88 
22.14 

37.46 
40.84 

46.71 
38.27 
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ABSTRACT  The  elfect  of  rotating  different  algae  in  the  ihet  of  cultured  .South  African  abalone  Halioiis  midae  was  Investigated.  A 
diet  rotation  feeding  scheme  was  designed  to  use  less  abundant  algae,  as  well  as  the  abundant  kelp  Eckloiiia  maxima.  Rotation  diets 
entailed  feeding  abalone  on  Eckloiiia  for  1 1  days  of  a  2-wk  rotation  cycle  and  on  one  of  the  less  abundant  algae  species,  or  a  mi.xture 
of  the  less  abundant  algae  species,  for  Ihe  remaining  3  days.  Si.x  rotation  diets  and  si.\  single-species  control  diets  were  tested 
simultaneously  over  a  6-mo  period.  Shell  length  and  body  weight  growths  were  ranked  highest  for  the  single-species  diet  Poipliyia. 
but  rotation  diets  were  placed  in  the  subsequent  four  ranking  positions.  Shell  length  growth  rates  varied  between  27  and  38  p.m  day"' 
for  abalone  fed  rotation  diets  and  between  15  and  53  |xm  day"'  for  those  fed  single-species  diets.  Body  weight  growth  rates  varied 
between  34  and  55  mg  day"'  for  abalone  fed  rotation  diets  and  between  9  and  74  mg  day  '  for  those  fed  the  control  diets.  Abalone 
fed  on  rotation  diets,  generally,  had  a  better  body  weight-to-.shell  length  ratio. 

KEY  WORDS:     abalone.  diet  rotation,  algae,  growth 


INTRODUCTION 

Dietar>'  research  on  abalone  has  focused  on  the  natural  diet  of 
wild  abalone.  single-species  diets  in  culture,  and  more  recently,  the 
production  of  an  artificial  diet.  Research  into  the  natural  diet  of  the 
-South  African  abalone.  for  example  Barkai  and  Griffiths  (1986) 
has  shown  that  abalone  feed  on  a  broad  selection  of  algae,  nor- 
mally with  at  least  two  species  being  found  in  the  gut  content  at 
any  time.  Preferences  certainly  do  exist,  with  red  algae  usually 
being  favored  by  a  number  of  different  abalone  species  (Tutschulte 
and  Connell  1988.  Shepherd  and  Steinberg  1992,  Stepto  1993, 
Fleming  1994). 

Originally,  research  focused  on  single-species  diets  in  an  at- 
tempt to  isolate  algae  species  producing  the  highest  growth  rates 
and  feed  conversion  efficiencies.  Sakai  (1962)  fed  abalone  on  12 
single-species  algal  diets.  Kikuchi  et  al.  (1967)  fed  20  different 
algae  to  abalone.  Uki  et  al.  (1986)  carried  out  the  largest  algal 
dietary  study,  testing  the  dietary  value  of  57  species  of  algae,  and 
grouped  the  algae  into  four  ranks  on  the  basis  of  the  results  of  their 
study  and  previous  studies. 

Other  studies,  testing  the  feasibility  of  abalone  culture,  have 
also  focused  on  single-species  diets.  A  few  have  added  a  mixed 
diet  to  compare  with  single-species  diets  (Owen  et  al  1984.  Cook 
and  Claydon  1991.  Day  and  Fleming  1992.  Fleming  1995).  The 
general  trend  from  tho.se  studies  indicates  that  mixed  diets  produce 
better  growth  rates  than  do  single-species  diets.  Day  and  Fleming 
(1992)  state  that  although  an  alga  may  not  support  sustained 
growth  when  fed  singly,  it  may  be  of  great  value  when  part  of  a 
mixed  diet,  providing  essential  nutrients  to  the  diet.  Mixed  diets 
are  expected  to  sustain  growth  rates,  whereas  growth  rates  on 
single-species  diets  tend  to  decrease  over  time  (Day  and  Fleming. 
1992).  This  study  was  designed  to  investigate  the  possibility  of 
using  many  different  algae  in  the  diet  of  cultured  Halinris  midae. 
instead  of  just  the  most  abundant  algae. 

MATERIALS  AND  METHODS 

Abalone  were  fed  for  6  mo  by  a  diet  rotation  scheme.  The 
rotation  scheme  entailed  feeding  a  primary  alga  (the  most  abun- 


dant kelp  species)  for  approximately  80%  of  the  time  and  one  of 
five  secondary  algae  (less  abundant  species)  for  the  remainder  of 
each  2-wk  rotation  period.  A  rotation  diet  with  a  mixture  of  sec- 
ondary algae  was  also  tested.  Control  diets  were  used  to  determine 
the  effect  of  secondary  alga  diets  when  fed  as  single-species  diets. 
The  decision  to  use  a  rotation  schetne  instead  of  mixing  the  algae 
is  based  on  the  argument  that  in  this  way  a  farmer  has  greater 
control  over  the  time  or  amount  of  feeding  done  on  a  particular 
alga. 

Test  Animals 

Four  hundred  eighty  hatchery-reared  animals  of  approximately 
2  y  of  age,  43.68  (±0.59)  mm  shell  length,  and  13.24  (±0.55)  were 
used  to  test  the  growth  response  of  abalone  fed  on  six  diet  rotation 
schemes  and  the  six  concurrently  run  control  diets.  Groups  of  20 
unmarked  abalone  were  housed  in  5-L  transparent  plastic  jars, 
which  were  supplied  with  temperature-controlled  (18.5  ±  TC), 
fresh,  sand-filtered  water  (12  L  h"').  The  water  was  aerated  vig- 
orously. The  six  rotation  diets  and  six  control  diets  were  tested  in 
duplicate  (n  =  2). 

The  abalone  were  measured  every  2  mo  over  a  period  of  6  mo. 
Shell  length  was  measured  with  a  Sylvac  digital  vernier  caliper, 
and  body  weight  was  tneasured  with  a  Sartorius  balance. 

Growth  rates  were  calculated  by  the  following  equations: 


BWGR: 
SLGR: 


(W, 
<L,  ■ 


-W„)/t 
L„)/t 


where  W^,  =  mean  initial  weight.  W,  =  mean  final  weight,  L,,  = 
inean  initial  length,  L,  =  mean  final  length,  and  t  =  time  in  days. 

Diets 

Ecklonia  maxima  was  selected  as  the  primary  alga  species  be- 
cause it  is  found  in  abundance  along  the  coast  of  South  Africa 
(Simons  1990).  making  it  the  most  economical  feed  for  commer- 
cial abalone  culture.  The  secondary  algae  species  are  less  abundant 
but  are  present  in  sufficient  quantity  to  make  up  a  small  portion  of 
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the  diet  of  cultured  abalone.  The  secondary  algae  were  as  follows: 
Laminaria  pallida,  Porphyra  capensis.  Ulva  spp.,  Aeodes  orbi- 
tosa.  and  Gracilaria  verrucosa. 

The  diet  rotation  scheme  cycle  was  repeated  every  14  days.  The 
primary  species  was  fed  for  1 1  days,  and  secondary  species  were 
fed  for  3  days.  Secondary  species  were  fed  singly  or  in  a  mixture. 
When  a  mixture  was  used,  it  was  composed  of  Porphyra,  Ulva  and 
Aeodes,  supplied  in  equal  mass  amounts.  Feeding  occurred  every 
3  or  4  days,  at  which  time,  old  algae  were  removed  and  the  con- 
tainers were  cleaned.  Each  algal  species  used  in  the  rotation  diets 
was  fed  as  a  single-species  diet  in  the  controls. 

Feed  Conversion  Efficiency,  Consumption,  and  Mass/Length  Ratio 

Feed  consumption  was  measured  with  rotation  diets  and  the 
control  diets.  Feed  consumption  was  measured  over  three-night 
(Friday  to  Monday)  and  four-night  (Monday  to  Friday)  periods  to 
reduce  variation  resulting  from  erratic  feeding  patterns  (pers.  obs.). 
Daily  feed  consumption  was  calculated  as  a  percentage  of  body 
weight. 

Feed  conversion  efficiency  (FCE)  was  only  calculated  for  aba- 
lone  groups  fed  single-species  diets.  It  is  not  meaningful  to  calcu- 
late FCEs  on  rotation  diets  because  at  least  two  different  algae 
were  consumed. 

Feed  consumption  and  conversion  efficiency  were  calculated 
by  the  following  equation: 

FCE  =  (growth/ration)  *  100 

where  growth  is  the  wet  body  weight  gain  per  day  and  the  ration 
is  the  wet  feed  intake  per  day,  calculated  from  consumption  of 
diets  over  three-  and  four-night  periods. 

The  body  weight-to-shell  length  ratio  (BW/SL)  was  calculated 
for  control  diets  and  rotation  diets.  For  each  diet  trial,  the  final 
mean  mass  was  divided  by  the  final  mean  length.  The  BW/SL  ratio 
gives  an  indication  of  the  tlesh  volume  per  unit  shell  length  re- 
sulting from  feeding  on  a  particular  diet  treatment. 

Statistical  Analysis 

The  effect  of  the  interaction  between  diet  and  time  on  mean 
shell  length  was  analyzed  by  a  two-way  analysis  of  variance 
(ANOVA)  for  the  effects  of  diet  and  time  (Sokal  and  Rohlf  1969, 


Zar  1984).  A  Tukey's  HSD  multiple  range  test  was  applied  to  test 
for  differences  between  mean  abalone  size  (shell  length)  on  dif- 
ferent diet  treatments  at  each  time  and  growth  rate. 

ANOVA  was  performed  on  consumption  rates.  Consumption 
rates  for  control  and  rotation  diets  were  analyzed  separately  be- 
cause of  the  different  method  of  feeding. 

RESULTS 

A  significant  increase  in  shell  length  and  body  weight  was 
detected,  over  time,  for  all  diets,  by  the  two-way  ANOVA.  All 
diets  showed  positive  growth  rates  (Figs.  1  and  2),  with  the  ex- 
ception of  Ulva  and  Gracilaria.  which  yielded  a  decrease  in  body 
weight  over  the  first  2-mo  period,  after  which  their  growth  rates 
became  positive. 

Variation  in  growth  was  low  among  rotation  diets  but  high 
among  the  single-species  diets.  Shell  length  growth  rates  ranged 
between  0.027  and  0.038  mm  day"'  on  rotation  diets  and  between 
0.015  and  0.053  mm  day"'  on  the  single-species  diets.  Body 
weight  growth  rates  were  between  43  and  55  mg  day"'  on  rotation 
diets  and  between  9  and  74  mg  day"'  on  the  single-species  algal 
diets  (Table  1). 

Statistical  analysis  of  shell  length  by  a  two-way  ANOVA  could 
only  detect  differences  between  treatments  (p  <  0.05)  after  4  mo. 
At  4  mo,  mean  abalone  shell  length  for  the  single-species  diet  of 
Ulva  was  significantly  less  than  that  on  most  rotation  diets,  with 
the  exception  of  the  rotation  diets  Ecklonia  with  Laminaria  and 
Ecklonia  with  Ulva.  Mean  shell  length  of  abalone  fed  Ulva  was 
also  significantly  lower  than  that  for  abalone  fed  single-species 
diets  of  Porphyra  and  Ecklonia  (Fig.  1).  After  6  mo,  the  single- 
species  diet  of  Ulva  was  significantly  different  from  all  diets  ex- 
cept the  combination  of  Ecklonia  and  Linninaria  and  the  single- 
species  diet  of  Laminaria.  Shell  length  and  body  weight  growth 
rates,  over  the  6-mo  period,  were  ranked  from  highest  ( 1 )  to  lowest 
(12)  growth  rate  (Table  I).  Generally,  the  rotation  diets  produced 
higher  growth  rates  (Table  1;  Figs.  I  and  2)  than  did  single-species 
diets.  The  exception  to  this  was  the  single-species  algal  diet  Por- 
phyra. which  produced  the  highest  growth  rates  for  both  shell 
length  (0.053  mm  day"')  and  body  weight  (74mgday"').  The  best 
rotation  diets  were  Ecklonia  with  Porphyra  (0.038  mm  day"'  for 
shell  length  and  55  mg  day"'  for  body  weight)  and  Ecklonia  with 
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Figure  I.  Shell  length  growth  for  all  diet  treatments  over  the  6-mo  period. 
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Figure  2.  Body  weight  growth  for  all  diet  treatments  over  the  6-mo  period. 


a  mixture  of  Poiphyra.  Ulva.  and  Aeocles  (0.037  mm  day"  for 
shell  length  and  51  mg  day"'  for  body  weight). 

Consumption  of  the  single-species  diets  ranged  from  2.25'i^ 
body  weight  day" 'for  Porphyra  to  5.44%  body  weight  day"'  for 
Ecklonia  (Table  2).  Porphyra  was  consumed  in  significantly 
smaller  amounts  (p  <  0.05)  than  Laminaria  (4.32'*  body  weight 
day"').  Gracilaria  (4.21%  body  weight  day"')  and  Ecklonia.  Eck- 
lonia was  also  consumed  in  larger  amounts  than  Aeodes  (2.98% 
body  weight  day"')  and  Uha  (2.92%  body  weight  day"'). 

Consumption  of  Ecklonia  in  the  rotation  diets  was  similar  for 
all  rotation  treatments  and  the  single-species  treatment.  Consump- 
tion rates  of  secondary  algae  varied  significantly  (p  <  0.05).  Lami- 
naria (5.94%  body  weight  day"')  was  consumed  in  larger  amounts 
than  all  other  secondary  algae.  Consumption  of  Uha  (0.52%  body 
weight  day"')  was  lower  than  consumption  of  Porpliyra  (1.53% 
body  weight  day"')  and  Aeodes  (1.16%  body  weight  day"')  in  the 
rotation  diet  with  the  mixture  of  secondary  algae. 

FCEs  were  calculated  for  single-species  diet  treatments  only. 
FCE  ranged  from  0.025  for  abalone  fed  on  Gracilaria  to  0.17  for 
those  fed  on  Porphyra.  The  feeding  scheme  of  rotation  diets,  with 
two  or  more  algae  being  eaten,  does  not  allow  for  meaningful 
calculation  of  FCE  ratios. 


The  BW/SL  ratio  was  calculated  for  each  diet  trial  using  the 
final  mean  body  weight  and  shell  length.  In  general.  BW/SL  ratios 
were  higher  for  rotation  diets  than  for  the  single-species  diets  (Fig. 
3).  The  diet  treatment  of  Porpliyra  had  the  highest  BW/SL  ratio, 
whereas  the  diet  treatment  of  Uha  had  the  lowest  BW/SL  ratio. 
The  range  of  single-species  diet  BW/SL  ratios  (0.301-0.499  g 
mm"')  was  greater  than  the  range  of  rotation  diet  BW/SL  ratios 
(0.387-0.464  g  mm"'). 

DISCUSSION 

£.  maxima  is  the  most  abundant  algae  species  found  along  the 
Southwest  and  West  Coast  of  southern  Africa  (Simons  1990).  This 
alga  forms  extensive  kelp  beds,  extending  up  to  3  km  off  shore, 
and  has  a  biomass  turnover  three  times  per  annum  (Field  et  al. 
1977).  Because  of  this  abundance,  Ecklonia  would  be  the  most 
likely  source  of  feed  for  any  abalone  farms  developed  along  this 
area  of  the  coast.  However.  Ecklonia  produces  abalone  growth 
rates  that  are  acceptable  but  not  exceptional  (Cook  and  Clay  don 
1991.  Simpson  1992).  Numerous  other  species  of  algae  occur 
along  the  coast  but  are  not  available  in  sufficient  quantity  for  use 
as  a  single-species  diet  on  an  abalone  farm  (Simons  1990). 


Mean  initial  size  (mm,  g)  and  daily  growth  rate  (mm  day 


TABLE  \. 

g  day"')  over  the  6-mo  growth  period,  rank,  and  BW/SL  ratio  for  rotation  and 
control  diets. 


Diet  Description 


Mean  Initial         Mean  Final  Growth        Tuke> 

Size  (SD»  Size  (SDl  Rate  HSD 

(mm)  (n  =  40)     (mm)  (n  =  401     (mmday"'l       Test 


Rank  BW/SL 


Final 


Mean  Initial     Mean  Final      Growth      Tukey 
Size  (SD)         Size  (SD)  Rate  HSD 

(g)  (n  =  40)      (g)  (n  =  40)     (gday-'l       Test       Rank 


Ecklonia 

44.23(4.01) 

50.33  (4.60) 

0.033 

bed 

6 

0.410 

13.70(4.28) 

20.58  (5.37) 

0.037 

ede 

8 

Laminaria 

43.90(4.51) 

48.87  (4.99) 

0.027 

abed 

8 

0.420 

13.13(4.12) 

20.56  (6.03) 

0.040 

cde 

6 

Porphyra 

43.07  (3.64) 

52.80(4.85) 

0.053 

e 

1 

0.499 

12.78(3.27) 

26.-33(7.14) 

0,074 

e 

I 

Uha 

42.72  (3.69) 

45.48  (4.02) 

0.015 

abed 

12 

0.301 

12.04(3.40) 

13.69(3.83) 

0.009 

a 

12 

Aeodes 

43.72  (3.79) 

48.14(4.33) 

0.024 

abed 

10 

0.368 

13.48(4.47) 

17.74(5.63) 

0.023 

abc 

10 

Gracilaria 

43.67  (4.07) 

47.87  (4.26) 

0.023 

abed 

11 

0.338 

13.47(3.97) 

16.20(4.24) 

0.015 

abc 

11 

Ecklonia  + 

Laminaria 

42.99(3.58) 

48.54  (4.83) 

0.030 

bed 

7 

0.387 

12.59(3,28) 

18.78(4.94) 

0.034 

bed 

9 

Ecklonia  + 

Porphyra 

43.71  (4.39) 

50.73  (5.37) 

0.038 

d 

2 

0.464 

1.3.36(4.51) 

23.55(6.83) 

0.055 

ef 

-} 

Ecklonia  + 

Uha 

43.61  (4.77) 

50.02  (5.54) 

0.035 

bed 

5 

0.438 

13.43(4.45) 

21.89(7.17) 

0.046 

de 

4 

Ecklonia  + 

Aeodes 

43.56  (6.50) 

50.26  (5.04) 

0.036 

bed 

4 

0.414 

13.27(4.21) 

20.62  (6.06) 

0.040 

ede 

6 

Ecklonia  + 

Gracilaria 

44.89(3.17) 

49.84(6.14) 

0.027 

abed 

8 

0.441 

14.05(3.41) 

21.98(4.96) 

0.043 

de 

5 

Ecklonia  + 

Po  rphyra/Uha/A  codes 

44.19(3.06) 

50.99(4.07) 

0.037 

cd 

3 

0.453 

13.69(3.39) 

23.08  (6.09) 

0.051 

de 

3 
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TABLE  2. 

Consumption  rales  (wet  weight)  in  grams  per  abalone  per  day  and  as  a  percentage  of  body  weight  per  day,  and  FCE,  expressed  here  as  the 
ratio  (single-species  diets  only).  Rotation  diet  consumption  rates  are  given  for  the  primary  {Ecklonia)  and  secondary  diets  in 

different  columns. 


Consumption 

Ektonia 

Other  alga 

Consumption 

Consumption 

(%  Bod^ 

C 

fnsumption 

Consumption 

Consumption 

(%  Body 

(s 

abalone  V 

Standard 

Weight/ 

<g 

abalone  '/ 

Standard 

C*  Bodv 

Ig  abalone"'/ 

Standard 

Weight/ 

Dif(  Description 

day-') 

Deviation 

day"') 

FCE 

day-') 

Deviation 

WeiKht/day-') 

day-') 

Deviation 

day-') 

Single-species  diets 

Ecklonia 

0.875 

(U.:44l 

5  44 

0,042 

Liiminaria 

0.701 

(0,2211 

4,32 

0,057 

Porpliyra 

0.434 

(0,117) 

2,55 

0,17 

Viva 

0.348 

(0,0.59 1 

2,92 

0.026 

Aeades 

0.453 

(0,129) 

2,98 

0.051 

Gnu'ilana 

0.588 

(0,279) 

4,21 

0,025 

Rotation  diets 

Ecklonia  +  Laminaria 

0.907 

(0.046) 

6.6 

0.929 

(0,24) 

5,94 

Ecklonia  +  Porphyra 

0.956 

(0.09) 

6,23 

0.726 

(0.083) 

4,19 

Ecklonia  +  Viva 

1.048 

(0.138) 

6,92 

0.36 

(0.066) 

2,06 

Ecklonia  +  Aeodcs 

0.818 

(O.IOS) 

5.34 

0.298 

(0.05) 

1,79 

Ecklonia  +  Gracitaria 

0.954 

(0.147) 

6.3 

0.449 

(0.234) 

2.56 

Ecklonia  +  mixture 

0.785 

(0.103) 

5.13 

+  Viva 

0.089 

(0.03) 

0,52 

+  Porptnra 

0.258 

(0.021) 

1  53 

+  Aeojcx 

0,197 

(00221 

1,16 

Previous  studies  on  other  Haliotis  species,  as  well  as  other 
molluscs,  have  shown  that  mixed  diets  produce  better  growth  rates 
than  do  single-species  diets  (e.g..  Owen  et  al.  1984,  Enrighl  et  al. 
1986.  Day  and  Fleming  1992.  Fleming  1994a).  The  rotation  diets 
tested  in  this  study  are  similar  to  mixed  algal  diets.  The  difference 
is  that  in  rotation  diet  schemes,  the  different  algae  are  provided 
separately.  This  technique  results  in  easier  regulation  of  the  feed- 
ing by  abalone  on  each  alga.  The  single  implementation  of  each 
alga  is  important  because  abalone  usually  only  consume  preferred 
algae  in  a  mixed  diet. 

Stepto  (1993)  found  that  E.  imiximo  was  the  least  prefened  of 
the  three  algae  fed  to  H.  iiiidcie  and  suggested  that  this  may  be 
because  of  high  phenolic  levels.  In  a  mixed  diet,  it  is  likely  that 
Ecklonia  would  be  avoided,  which  would  negate  the  purpose  of 
feeding  Ecklonia  as  part  of  the  diet. 


Growth  rates  of  abalone  fed  on  rotation  diets  were  generally 
higher  than  those  of  abalone  fed  single-species  diets.  The  excep- 
tion to  this  is  Porphyra.  which  produced  higher  growth  rates  than 
any  other  diet.  After  ranking  of  growth  rates  on  all  diet  treatments, 
the  better  rotation  diets  were  placed  in  Positions  2-5  for  both  shell 
length  and  body  weight  growth  rates. 

The  single-species  diets.  Ulva,  Aeodcs.  and  Cracilaria.  pro- 
duced poor  growth  rates,  whereas  Porphyra  and  Ecklonia  pro- 
duced good  growth  rates.  The  growth  rates  achieved  on  rotation 
diets  were  similar  between  diets,  and  mean  shell  length  could 
not  be  shown  to  differ  significantly  (p  >  (105)  between  diets  after 
6  mo. 

Duncan  and  Klekowski  (1975)  stated  that  essential  substances 
might  become  limiting  when  animals  are  fed  one  type  of  food  in 
long-term  experiments.  This  results  in  decreased  growth  rates. 


□  ew/SL  initial 

■  Single  spp  linal 

■  Robtion  final 
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Figure.  3.  BW/SL  ratios  for  all  diet  treatments  at  the  end  of  the  6-mo  diet  trial. 
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Growth  rates  on  siiigle-specics  diets  remained  constant  throughout 
the  184-day  period.  Continued  single-species  feeding  would  likely 
have  resulted  in  decreased  growth  rales  (Day  and  Fleming  1992). 
Feeding  trials  on  Haliotis  nihni  using  single  species  of  dried  algae 
revealed  that  abalone  cease  to  grow  after  a  period  ranging  from  50 
to  200  days  (Day  and  Fleming  1992).  The  rapid  effects  shown  by 
H.  rubra  may  be  due  to  the  drying  of  algae  before  feeding.  It  is 
possible  that  this  study  was  conducted  for  an  insufficient  time  for 
dietary  deficiencies  on  single-species  diets  to  materialize. 

Duncan  and  Klekowski  (1975)  stated  that  it  is  rare  for  an  ani- 
mal to  feed  on  the  same  food  for  its  entire  life.  Wile  H.  midae  were 
found  with  a  variety  of  algae  in  their  guts  (Newman  1968.  Barkai 
and  Griffiths  1986.  Barkai  and  Griffiths  I9S7).  This  suggests  that 
they  obtain  the  required  nutrients  for  growth  by  selecting  a  mi.xed 
diet  (Day  and  Fleming  1992).  Fleming  (1994a)  suggested  that 
preference  for  certain  algae  might  be  due  to  the  presence  of  es- 
sential nutrients  not  available  in  other  algae. 

Although  certain  algal  species  (for  e.xample,  Ulva.  Aeodes.  and 
Gracilaria)  constitute  a  poor  diet  when  supplied  singly,  they  may 
be  of  great  value  when  supplied  as  part  of  a  mixed  diet,  thereby 
supplying  essential  nutrients  to  the  diet  (Day  and  Fleming  1992). 
This  was  observed  for  the  algae  Ulva  and  Aeodes.  which  produced 
better  growth  rates  when  fed  as  part  of  a  rotation  diet.  Results 
demonstrated  that  combinations  of  low-quality  algae  often  produce 
good  growth  rates. 

Shell  length  growth  rates  of  abalone  fed  on  rotation  diets  re- 
mained constant  over  time,  but  the  body  weight  growth  rates 
showed  a  definite  increase  over  time.  The  exponential  increase  in 
body  weight  was  not  as  pronounced  on  single-species  diets. 

Rotation  diets  appear  to  have  a  greater  ability  to  increase  the 
ratio  of  body  weight  to  shell  length.  BW/SL  rations  are  important 
in  that  they  indicate  the  mass  of  abalone  per  unit  shell  length. 
Thus,  at  marketable  size  (e.g..  80  mm),  the  value  of  an  abalone. 
priced  by  weight,  will  be  dependent  on  the  BW/SL  ratio.  Certain 
diets  will,  therefore,  produce  more  valuable  abalone. 

Previous  studies  on  other  Haliotis  species,  where  mixed  diets 
have  been  tested,  have  usually  consisted  of  three  or  more  algae 
species  (Owen  et  al.  1984,  Fleming  1994a).  One  of  the  rotation 
diets  tested  in  this  study  consisted  of  three  secondary  algae  species, 
which  were  fed  together.  Shell  length  and  body  weight  growth 
rates  on  this  diet  were  higher  than  on  other  rotation  diets  (except 
Ecklonia  rotated  with  Porphyra).  but  there  was  no  significant  dif- 
ference (p  >  0.05).  Abalone  fed  the  rotation  diet  with  a  mixture  of 
secondary  algae  species  were  able  to  select  preferred  algae.  This 
was  observed  by  the  difference  in  the  consumption  rate  of  Por- 
phyra, Ulva,  and  Aeodes  in  this  treatment.  The  high  growth  rate 
suggests  that  the  abalone  may  have  selectively  fed  on  particular 
algae  to  fulfill  their  nutritional  balance  requirements.  Fleming 
(1994b)  found  that  H.  rubra  selected  foods  that  maximize  the 
intake  of  nitrogen  and  subsequently  lead  to  maximum  growth 
rates. 

In  rotation  diets,  it  is  likely  that  the  level  of  consumption  of  the 
secondary  algae  is  related  to  the  nutritional  deficiencies  present  in 


the  primary  algae.  The  secondary  alga,  Porphyra.  is  eaten  at  4. 19% 
body  weight  day  '  when  part  of  a  rotation  diet,  twice  that  when  fed 
as  a  single-species  diet,  ll  is  possible  that  these  increased  quantities 
consumed  make  up  for  nutritional  deficiencies  in  the  primary  algae 
(Ecklonia).  Ulva.  Aeodes.  and  Gracilaria  are  consumed  at  lower 
levels  as  part  of  a  rotation  diet,  suggesting  that  these  algae  are  not 
nutritionally  as  good  as  Ecklonia.  This  is  supported  by  the  low 
growth  rates  of  abalone  fed  on  single-species  diets  of  Ulva.  Ae- 
odes. and  Gracdaria  and  the  low  FCEs  on  Ulva  and  Gracilaria. 
Although  Ulva.  Aeodes,  and  Gracilaria  are  inferior  diets,  they 
provide  essential  nutrients  when  fed  as  part  of  the  rotation  diet. 
Thus,  growth  rates  of  abalone  fed  on  rotation  diets  with  Ulva, 
Gracilaria.  and  Aeodes  were  higher  than  growth  rates  of  abalone 
fed  either  of  these,  or  the  primary  alga,  singly. 

Growth  rates  achieved  on  the  rotation  diet  of  Ecklonia  and 
Lanunaria  were  low.  This  is  probably  because  of  the  similar  nu- 
trient content  of  these  algae,  which  are  both  Phaeophyra.  This 
suggests  that  secondary  algae  in  rotation  diets  should  be  from  a 
different  family  from  the  primary  alga.  For  example,  brown  algae 
should  be  fed  in  combination  with  red  or  green  algae  and  not  other 
brown  algae. 

Ideally,  in  a  rotation  diet,  the  poorer  diet  should  be  fed  for  a 
shorter  period  of  time.  Poorer  algae  should  be  fed  for  sufficient 
time  for  uptake  of  essential  nutrients  but  not  long  enough  to  retard 
growth  rates.  Ulva,  Aeodes.  and  Gracilaria  should  be  fed  for  a 
short  period  of  time.  On  the  other  hand,  the  period  of  feeding  on 
Porphyra  should  be  extended,  for  as  long  as  supplies  allow,  to 
increase  growth  rates  on  that  particular  rotation  diet, 

CONCLUSIONS 

This  study  demonstrates  that  the  rotation  diets  tested  generally 
produce  higher  growth  rates  than  do  their  component  single- 
species  diets.  Single-species  diets  are  often  limiting  in  one  or  more 
nutrients.  Feeding  on  single-species  diets  for  long  periods  of  time 
often  results  in  decreased  growth  rates  (Day  and  Fleming  1992). 
Rotation  diets  (and  mixed  diets)  provide  a  wider  base  for  the 
uptake  of  essential  nutrients.  By  using  the  different  nutrient  com- 
positions of  different  algae,  rotation  diets  ensure  that  abalone  re- 
ceive a  balance  of  the  required  nutrients.  Growth  rate  can  be  im- 
proved by  regulating  the  intake  of  each  alga.  This  is  done  by 
controlling  the  length  of  time  abalone  are  fed  on  each  alga. 

Ecklonia  is  the  most  abundant  alga  along  the  South  to  West 
Coast  of  South  Africa  and  is  likely,  therefore,  to  form  the  major 
part  of  cultured  abalone  diets  in  this  area.  Growth  rates  on  Ecklo- 
nia can  be  improved  by  addition  of  either  Porplnra.  Ulva,  or 
Aeodes.  or  a  mixture  of  all  three,  in  a  rotation  diet. 

Growth  rates  on  a  particular  algal  combination  may  vary  with 
location  (pers.  obs.).  For  farming  purposes,  it  is  important  that 
trials  of  different  diets  be  undertaken  at  all  new  locations.  It  is  also 
likely  that  altering  the  levels  of  the  primary  and  secondary  algae  in 
a  rotation  diet  will  produce  different  growth  results.  Hence,  having 
isolated  the  best  rotation  mixture,  different  levels  of  primary  and 
secondary  algae  should  be  tested. 
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ABSTR.ACT  When  least-cost  feeds  are  fonnulated,  it  is  assumed  that  when  a  range  of  ingredients  are  combined  in  a  compound  feed. 
thc\  will  heha\e  as  if  they  were  fed  separately,  that  is,  it  is  assumed  that  their  nutritive  value  is  additive.  This  is  the  basis  of  least-cost 
linear  computer  programs.  However,  experiments  conducted  on  pigs  and  rats  have  revealed  that  the  inclusion  of  dietary  fiber  in 
manufactured  feeds  may  result  in  a  depression  of  the  digestibility  coefficients  of  the  constituent  ingredients.  Thus,  feeds  that  are 
formulated  by  adding  the  digestibility  coefficients  of  each  constituent  ingredient,  derived  by  the  direct  measurement  of  the  digestibility 
of  each  ingredient  when  incorporated  into  base  diets,  may  lead  to  an  overestimation  of  the  digestibility  of  nutrients  in  the  manufactured 
feed,  A  series  of  isonitrogenous  diets  containing  semolina,  fishmeal.  barley.  lupin  kernel  meal,  and  various  combinations  of  these 
ingredients  were  fed  to  juvenile  greenlip  abalone  {Halioris  laevigata)  to  determine  the  apparent  fecal  digestibilities  of  N,  amino  acids, 
and  gross  energy.  The  digestibility  coefficients  of  the  single-ingredient  diets  were  used  to  predict  the  digestibility  of  N.  amino  acids, 
and  gross  energy  in  casein  in  the  mixed  diets.  The  calculated  digestibility  values  for  casein  did  not  differ  significantly  between  diets. 
Thus,  the  apparent  fecal  digestibilities  of  N,  amino  acids,  and  gross  energy  of  the  constituent  ingredients  were  not  affected  by  varying 
ingredient  combinations  in  the  diets.  Apparent  fecal  digestibility  values  for  the  chosen  ingredients  are  additive  when  they  are 
incorporated  into  compound  feeds  for  abalone  and  so  are  good  descriptors  of  nutritive  value  and  can  be  used  with  confidence  in  diet 
formulations, 

KEY  WORDS:     abalone,  manufactured  feeds,  digestion,  fiber,  amino  acids,  energy 

INTRODUCTION  tralian  greenlip  abalone  {Halinlis  laevigata)  has  enabled  diet  costs 

to  be  significantly  reduced  and  the  growth  petformance  of  abalone 

Emphasis  is  placed  on  the  efficiency  of  production  of  farmed  to  be  enhanced.  Diet  mixtures,  however,  in  most  cases  contain  two 

animals  to  ensure  commercial  viability.  From  a  nutritional  per-  or  more  ingredients,  and  the  question  is,  therefore,  whether  digest- 

spective.  maximum  efficiency  is  attained  by  matching  diet  speci-  ibility  of  these  mixtures  can  be  calculated  on  the  basis  of  the 

fications  as  closely  as  possible  to  the  animaPs  requirements  for  the  digestibility  coefficients  of  the  individual  components.  The  basic 

least  possible  cost.  In  the  case  of  abalone.  this  must  be  achieved  assumption  is  made  that  individual  diet  ingredients  will  have  the 

while  maintaining  a  diet  form  that  is  stable  underwater.  Commer-  same  nutritive  value  when  they  are  combined  in  tiiixed  diets  as 

cial  nutritionists  generally  undertake  the  following  procedures  in  when  they  are  fed  individually — that  is.  it  is  assuined  that  their 

an  attempt  to  achieve  maximum  production  efficiency:  ( 1 )  the  nutritive  value  is  additive. 

nutritional  requirements  of  the  animal  are  defined.  (2)  the  nutritive  The  significant  effect  of  dietary  fiber,  specifically  the  nonstarch 

value  of  individual  ingredients  to  be  used  in  the  compound  feeds  polysaccharides  (NSP),  on  the  efficiency  of  use  of  the  protein  and 

is  defined  by  applying  previously  determined  digestibility  or  avail-  energy  components  of  monogastric  diets  has  been  well  docu- 

ability  coefficients  to  estimates  of  the  chemical  composition,  and  mented  for  chickens  (Annison  1990.  Annison  1991.  Annison  1992. 

(i)  least-cost  diets  are  formulated,  by  linear  programming  tech-  Choct  and  Annison  1992).  growing  rats  (Hansen  et  al.  1991,  Zhao 

niques,  on  the  basis  of  the  above  information.  The  nutritive  value  et  al,  1996),  growing  pigs  (Bach  Knudsen  and  Jensen  1993a,  Bach 

of  ingredients  is  often  expressed  in  terms  of  digestible  amino  acids  Knudsen  et  al.  1993b,  van  Bameveld  1996),  and  prawns  (Sarac  et 

(when  available  amino  acid  values  are  not  available)  and  digestible  al.   1993).  NSP  are  the  major  components  of  fiber  in  feedstuffs, 

energy  (although  net  energy  is  a  more  accurate  estimate).  Thus,  with  cellulose  being  the  most  abundant  of  these.  Other  forms  of 

when  formulating  feeds,  digestibility  coefficients  for  nutrients  in  noncellulosic  NSP  can  be  classified  as  hemicellulose,  pectic  sub- 

feedstuffs  are  usually  given  for  each  ingredient  separately.  Defi-  stances,  and  a  third  group  of  more  water-soluble  polysaccharides 

nition  of  the  digestibility  of  N.  gross  energy,  and  some  amino  acids  including  gums  and  mucilages.  The  absence  of  endogenous  NSP- 

in  ingredients  commonly  used  in  manufactured  feeds  for  the  Aus-  degrading  enzymes  and  the  low  density  of  microorganisms  in  the 
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small  intestine  of  monogastrics  mean  that  NSP  pass  to  the  hind  gut 
for  degradation  by  microorganisms.  Apart  from  the  low  digestibil- 
ity and  utilization  of  NSP  by  monogastrics,  the  viscous  nature  of 
soluble  NSP  and  their  physiological  and  morphological  effects  on 
the  digestive  tract  are  thought  to  be  detrimental  to  the  digestion  of 
nutrients  (Choct  et  al.  1992).  The  mechanisms  include  altered  in- 
testinal transit  time  (Gohl  and  Gohl  1977)  and  modification  of  the 
intestinal  mucosa  (Johnson  and  Gee  1981,  Ikegami  et  al.  1990). 

Hansen  et  al.  (1991)  compared  the  digestibility  coefficients  of 
various  ingredients  fed  individually  and  in  combination  when  fed 
to  growing  rats.  They  found  that  digestibility  coefficient  values  in 
mixtures  could  be  calculated  with  high  precision  from  digestibility 
coefficients  from  individual  ingredients,  but  cautioned  that  mix- 
tures containing  high  levels  of  soluble  dietary  fiber,  such  as  peas 
and  barley  and  peas  and  wheat,  produced  significantly  higher  val- 
ues for  the  calculated  digestibility  coeft"icient  compared  with  the 
measured  digestibility  coefficient.  This  suggests  that  combinations 
of  ingredients  with  high  levels  of  soluble  NSP  may  result  in  a 
further  reduction  in  the  digestibility  of  specific  nutrients,  including 
protein  and  energy.  When  different  sources  of  fiber  are  combined 
in  mixed  diets,  it  appears  that  the  properties  of  the  resulting  com- 
bination of  fiber  do  not  necessarily  resemble  those  of  the  constitu- 
ents. Laplace  et  al.  (1989)  investigated  the  associative  effects  be- 
tween wheat  bran  and  soybean  hulls  in  semipurified  diets  on  the 
ileal  and  overall  digestibilities  of  amino  acids,  energy,  and  cell- 
wall  components  in  growing  pigs.  The  overall  digestibility  of 
cnide  protein  and  all  amino  acids  was  significantly  less  in  diets 
containing  wheat  bran  and  soybean  hulls  compared  with  those  that 
contained  either  wheat  bran  or  soybean  hulls. 

If  combinations  of  NSP  have  different  properties  than  do  their 
constituents,  resulting  in  a  further  depression  of  amino  acid  and 
energy  digestibility,  it  is  likely  that  the  cause  for  reduced  digest- 
ibility is  increased  gut  digesta  viscosity  rather  than  a  change  in 
microbial  activity,  van  Barneveld  et  al.  ( 1995)  reported  that  grow- 


ing pigs  fitted  with  ileal  cannulas  and  fed  diets  containing  graded 
levels  of  a  lupin  NSP  isolate  experienced  a  significant  linear  de- 
crease in  lysine  and  energy  digestibility.  This  coincided  with  a 
significant  linear  increase  in  digesta  viscosity,  but  there  was  no 
significant  effect  on  the  microbial  activity  in  the  small  intestine, 
the  large  intestine,  or  the  cecum. 

In  Australia,  investigations  are  cun'ently  underway  to  compile 
a  comprehensive  database  on  the  nutritive  value  of  a  broad  range 
of  local,  readily  available  ingredients  that  have  potenfial  for  inclu- 
sion in  abalone  diets,  particularly  grains  and  legumes.  It  is  hypoth- 
esized that  when  NSP  from  legumes  is  combined  with  NSP  from 
various  cereals,  the  effects  on  the  digestibility  of  N.  amino  acids, 
and  energy  will  be  emphasized  and  will  vai'y  depending  on  the 
ingredients.  To  examine  these  effects,  digestibility  experiments 
were  conducted  on  the  basis  of  diets  consisting  of  a  NSP- 
containing  cereal  (barley)  mixed  with  a  high-NSP  legume  (kernel 
of  Liipiniis  angKstifoliiis)  and  low-NSP  protein  sources  (fishmeal 
and  semolina).  Thus,  the  aim  of  this  experiments  was  to  test  the 
assumption  that  the  digestibility  of  (1)  N,  (2)  amino  acids,  and  (3) 
gross  energy  derived  from  single-ingredient  diets  is  additive  when 
these  insredients  are  inixed  in  formulated  diets  for  abalone. 


MATERIALS  AND  METHODS 


Diets 


Eleven  test  diets  were  formulated  (Table  1).  Five  single- 
ingredient  diets  contained  either  barley,  semolina,  fishmeal,  L 
angiistifoliiis  (lupin  kernel  meal),  or  casein  as  the  sole  protein 
source.  The  inclusion  level  of  each  ingredient  was  adjusted  to 
ensure  that  the  single-ingredient  diets  were  isonitrogenous.  Four 
mixed-ingredient  diets  contained  either  barley  or  semolina  inixed 
with  either  fishmeal  or  lupin  kernel  meal.  Two  mixed  diets  con- 
tained barley  and  semolina  mixed  with  either  lupin  kernel  meal  or 
fishmeal.  The  level  of  casein  in  the  mixed  diets  was  adjusted  to 


TABLE  L 
Composition  of  experimental  diets  (g/kg,  air-dry  basis). 


Single 

Diets 

Mixed  Diets 

Ingredient 

1 

2 

3* 

4* 

5* 

6 

7 

8 

9 

10 

II 

Barlevt 

951.8 

400 

400 

200 

200 

Semolina 

766.9 

400 

400 

200 

200 

Fislimeal 

700(117.51 

300 

300 

300 

Lupin  kernel  mealt 

700(221.8) 

300 

300 

300 

Casein 

700(884) 

51.7 

42.8 

158.0 

149.0 

47,4 

153.5 

Pregelled  starch 

12.4 

197..^ 

264.2  (846.7) 

264.2(7424) 

264.2(875.8) 

212.5 

2214 

106.2 

n5.2 

2 1 6,9 

1 10.7 

Jack  Mackerel  Oil 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

Mineral  premixS 

2 

2 

2 

2 

2 

2 

2 

-> 

■> 

T 

■) 

Vitamin  premix§ 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

Vitamm  C" 

0.5 

0.5 

0.5 

0.5 

0,5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

Vitamin  E'|| 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0,1 

0.1 

0,1 

O.I 

0.1 

Sodium  alginate 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

Chromic  oxide 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

/j-Hexatriaconlane 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

0.2 

*  Diets  3,  4,  and  5  were  reformulated  after  the  first  collection  period  hecaiis 

inclusion  levels  before  reformulation. 

t  Clean  chebec  barley. 

X  L.  ani-uslifolus  cv.  giingiirni. 

§  Vitamin  and  mineral  premixes  as  described  by  Uki  et  al.  ( 1985). 

II  Microvit  E  Promix  50  (encapsulated). 

"  CVCF-90  Aquaculture, 


inadequate  feces  were  produced.  Values  presented  in  parentheses  are  the 
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ensure  thai  they  were  isonitrogenous.  Pregelled  starch  was  used  in 
all  diets  as  an  inert.  l(n\-t'iber  tiller  and  also  acted  as  a  binder. 
Chromic  oxide  and  /(-hexatriacontane  were  included  as  indigest- 
ible markers  in  all  diets  for  use  in  subsequent  digestibility  calcu- 
lations. H-Hexatriacontane  was  added  by  dissolving  in  warm  oil 
before  addition  to  the  diet.  Vitamin  and  mineral  premixes  were  as 
described  by  Uki  et  al.  (1985).  and  sodium  alginate  was  included 
as  a  diet  binder.  .All  ingredients  were  tlnely  ground  when  received. 
All  diets  were  produced  by  Adam  &  Amos  Pty.  Ltd.  in  the  form  of 
flat,  well-bound  ""chips"  as  described  by  Coote  et  al.  (1996). 
Samples  of  each  diet  (100  g)  and  samples  of  each  ingredient  (100 
g)  were  bagged  and  frozen  at  -30'^C  for  later  analysis.  The  proxi- 
mate analysis,  total  amino  acid  content,  and  gross  energy  content 
of  the  ingredients  and  diets  are  presented  in  Tables  2  and  3.  re- 
spectively. The  diets  were  stored  at  -30"C.  and  each  week  a  suf- 
ficient quantity  was  thawed  and  stored  at  room  temperature. 

Ahalone  Managemeiil  and  Feces  Collection 

Diet  allocation 

Each  dietary  treatment  was  allocated  to  one  of  1 1  digestibility 
tanks  over  three  separate  collection  periods  to  provide  three  rep- 
licates per  diet  based  on  a  completely  randomized  design.  To 
randomize  tank  effects,  diets  were  randomly  assigned  to  digest- 
ibilil)  tanks  but  were  not  assigned  to  a  tank  if  it  already  contained 
that  diet  in  a  previous  collection  period.  The  collection  periods 
were  between  16  and  20  days  with  each  collection  period  begin- 


ning within  a  few  days  of  the  previous  one  being  completed. 
.Animals  feeding  on  the  Single  Diets.  3.  4.  and  5  produced  very 
little  feces  during  the  first  collection  period,  and  so  these  diets 
were  reformulated  to  reduce  the  amount  of  pregelled  starch  and 
increase  the  level  of  the  single-protein  source  to  700  g/kg  (Ta- 
ble I ). 

Tanks  and  Collection  System 

Conical  tanks  were  fitted  with  fecal  collection  and  drainage 
plumbing  (Fig.  1 ).  A  bucket  (20-L  capacity)  with  a  mesh  bottom 
(4-mm-pore-size  mesh)  was  used  to  contain  the  abalone  while 
permitting  feces  to  drop  into  the  collection  tube.  A  number  of 
25-cin  lengths  of  80-cm  polyvinylchloride  pipe  with  numerous 
holes  were  supplied  as  shelters.  Attached  to  the  bottom  of  each 
digestibility  tank  was  a  screw-on  collection  tube  ( 1 1  cm  long.  15 
mm  in  diameter)  and  a  tap  used  to  empty  the  tank  before  cleaning. 
Seawater  flowed  into  the  top  of  each  tank  at  a  rate  of  about  2 
L/min.  Seawater  was  filtered  to  30  |xm  by  primary  sand  filters  and 
then  to  10  |j.m  by  secondary  composite  sand  filters.  The  outlet  was 
positioned  about  5  cm  below  the  top  edge  of  each  tank.  Aeration 
was  supplied  (0.5  L/min)  to  each  tank  at  all  tiines  by  an  air  stone. 
The  water  temperature  during  the  experiment  was  18  ±  0.2°C.  The 
lights  were  turned  off  at  6  p.m.  and  on  at  6  a.m.  ( 12D:12L). 

Abalone  and  Feeding 

Each  bucket  contained  between  60  and  80  juvenile  (shell 
length.  40-60  mm,  70  g  wet  weight)  H.  laevigata.  These  abalone 


TABLE  2. 

Proximate  analysis,  total  amino  acid  content  (g/kg,  air-dry  basis),  and  gross  energy  content  (MJ/kg,  air-dry  basis)  of  barley,  semolina, 
flshmeal.  lupin  kernel  meal,  casein,  and  pregelled  starch  used  in  experimental  diets. 


Diet  Ingredient 

Component 

Barley* 

Semolina 

Fishmeal 

Lupin  Kernel  Mealt 

Casein 

Pregelled  Starch 

Dr>'  matter 

901.9 

863.3 

899.9 

908.4 

893.3 

939.9 

Crude  protein  (N  x  6.25) 

78.8 

97.8 

638.3 

338.1 

832.2 

5.5 

Ash 

23.7 

2.8 

151.0 

27.8 

3.1 

0.40 

Ether  extract  (bp.  40-60°  C) 

24.7 

7.2 

98.3 

61.0 

7.5 

7.7 

Fiber  extfact 

Crude 

27.8 

15.1 

13.6 

73.1 

14.6 



Acid  detergent 

90.7 

21.0 

10.9 

123.3 

— 

— 

Neutral  detergent 

305.4 

18.8 

350.7 

217.4 

4.9 

— 

Gross  energy  (MJ/kg) 

16.44 

15.60 

18.56 

18.54 

21.48 

16.22 

Amino  acids 

Aspartic  acid 

3.21 

3.40 

51.05 

20.14 

38.37 

— 

Threonine 

L98 

2.71 

27.07 

7.85 

25.11 

— 

Serine 

2.32 

4.43 

24.55 

11.16 

34.81 

— 

Glutamic  acid 

12.34 

30.12 

85.64 

49.85 

133.11 

— 

Proline 

4.77 

8.05 

22.38 

8.88 

55.03 

— 

Glycine 

2.07 

2.92 

32.25 

8.03 

9.63 

— 

Alanine 

1.52 

L61 

22.37 

4.94 

11.91 

— 

Valine 

3.07 

4.16 

31.27 

9.63 

40.75 

— 

Isoleucine 

2.33 

3.70 

29.53 

10.45 

32.41 

— 

Leucine 

3.77 

6.06 

42.59 

14.35 

50.67 

— 

Tyrosine 

1.12 

2.25 

17.42 

5.81 

24.37 

— 

Phenylalanine 

2.03 

3.87 

21.75 

6.22 

21.2 

— 

Lysine 

2.23 

1.85 

44.94 

10.26 

46.11 

— 

Histidine 

0.87 

1.61 

15.51 

4.19 

12.08 

— 

Arginine 

2.51 

2.94 

32.73 

20.88 

19.04 

— 

*  Clean  chebec  barley. 

i"  L.  angustifolus  cv.  gungurru. 
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TABLE  3. 
Proximate  analysis,  total  amino  acid  content  (g/kg,  air-dry  basis),  and  gross  energy  content  (MJ/kg,  air-dry  basis)  of  experimental  diets. 


Single  Diets 

Mixed  Diets 

Component 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Dry  matter 

936.0 

896.2 

936.1 

907.1 

922.6 

931.8 

887.2 

932.4 

9 1 3.8 

931.3 

910.7 

Crude  protein  (N  x  6.251 

95.2 

82.1 

463.9 

236.7 

602.0 

282.0 

2.59.6 

281.3 

271.6 

281.7 

274.6 

Ash 

30.5 

134 

115.5 

28.8 

17.5 

60.2 

54.1 

27.6 

19.2 

584 

24.5 

Ether  extract  (bp.  40-600 

45.7 

22.1 

85.3 

66.1 

24.9 

52.3 

31.7 

28.9 

25.2 

,33.8 

27.3 

Fiber  extract: 

Crude 

29.0 

8.2 

8.7 

60.2 

8.7 

15.0 

7.0 

42.1 

174 

24 

25.2 

Acid  detergent 

634 

25.2 

43.8 

73.2 

13.3 

29.7 

14.5 

54.9 

40.7 

27.4 

48.0 

Neutral  detergent 

86.7 

182.4 

434.1 

180.0 

20.4 

251.8 

178.5 

154.7 

106.6 

184.7 

118.6 

Gross  energy  (MJ/kg) 

16.82 

15.76 

18.61 

17.52 

20.26 

17.77 

16.78 

18.09 

17.66 

17.59 

17.62 

Chromic  oxide 

4.5 

4.8 

2.1 

3.7 

3.4 

44 

4.6 

4.5 

4.3 

44 

5.1 

Amino  acids 

Aspartic  acid 

3.07 

1.73 

26.22 

13.63 

27.51 

14.83 

12.60 

13.38 

12.66 

12.96 

12.63 

Threonine 

1.93 

141 

14.07 

5.42 

18.27 

8.36 

6.70 

7.33 

6.94 

7.26 

6.94 

Serine 

2.35 

2.40 

12.58 

8.21 

24.90 

8.42 

7.05 

10.31 

9.96 

7.68 

9.97 

Gkuaniic  acid 

12.02 

16.41 

41.98 

34.00 

96.57 

31.51 

30.35 

40.41 

42.84 

28.80 

41.47 

Prohne 

4.32 

441 

11.48 

6.39 

34.90 

9.99 

9.45 

14.36 

14,04 

9.21 

13.11 

Glycine 

1.92 

1.46 

15.70 

5.44 

7.06 

8.04 

7.09 

4.90 

4.47 

7.16 

4.56 

Alanine 

1.45 

0.90 

13.07 

3.30 

8.52 

6.88 

5.79 

4.10 

3.68 

5.97 

3.74 

Valine 

2.97 

2.16 

16.18 

6.13 

29.90 

11.23 

9.59 

11.25 

10.04 

9.16 

9.91 

Isoleucine 

2.17 

1.97 

15.28 

6.62 

24.40 

9.69 

8.35 

9.97 

9.26 

8.26 

8.36 

Leucine 

3.68 

3.17 

21.95 

9.86 

37.25 

14.01 

12.25 

14.73 

13.81 

12.36 

13.09 

Tyrosine 

1.10 

1.07 

7.40 

4.01 

15.64 

4.53 

4.49 

6.10 

5.60 

4.58 

5.62 

Phenylalanine 

1.92 

1.71 

9.77 

4.37 

15.03 

641 

5.70 

6.70 

6.30 

5.37 

6.10 

Lysine 

2.05 

1.05 

24.22 

6.95 

32.89 

13.37 

11.17 

10.93 

10.20 

11.20 

9.95 

Histidine 

0.83 

0.66 

6.29 

2.59 

18.67 

3.60 

341 

3.64 

3.42 

3.35 

3.16 

Arginine 

2.40 

1.67 

14.72 

13.69 

15.08 

8.22 

7.20 

10.19 

10.00 

8.12 

8.68 

had  been  raised  on  diatoms  from  settlement  to  about  10  mm  in 
shell  length  and  then  grown  on  manufactured  abalone  feed  con- 
taining 26%  crude  protein  and  18  MJ/kg  of  gross  energy.  The 
abalone  were  preconditioned  for  I  wk  on  the  test  diet  assigned  to 
that  tank.  During  both  the  preconditioning  and  the  experimental 
periods,  animals  were  fed  to  slight  excess  dally  at  about  5  p.m. 

Fecal  Collection 

On  each  day  of  fecal  collection,  the  buckets  containing  the 
abalone  were  removed,  the  digestibility  tanks  were  drained  of 
water,  and  all  fittings  were  cleaned  of  feces  and  uneaten  feed. 
Abalone  were  out  of  water  for  about  8  min.  After  the  cleaning,  the 
tanks  were  refilled  and  the  buckets  were  replaced.  Collection  tubes 
were  fitted  and  placed  on  ice  by  9  a.m.  The  feces  were  collected 
from  the  tubes  at  about  4  p.m.  by  gently  pouring  the  contents  onto 
a  l-mm-pore-size  gauge  mesh.  Fines  were  discarded  because  of 
concerns  that  they  may  have  leached  excessively.  The  mesh  was 
then  placed  into  a  petri  dish  and  frozen  at  -.30°C.  The  following 
day.  the  frozen  fecal  sample  was  scraped  off  the  mesh,  pooled  into 
a  composite  sample,  and  frozen  at  -30°C  before  chemical  analysis. 
The  duration  of  each  collection  period  (between  16  and  20  days) 
was  determined  by  the  time  required  to  collect  sufficient  quantities 
of  feces  (about  4  g)  for  analysis.  Before  analysis,  the  samples  were 
freeze  dried  for  3  days  and  ground  with  a  mortar  and  pestle. 

Chemical  A  iialyses 

Chemical  analysis  for  proxiniales  (i.e.,  dry  matter,  light  petro- 
leum extract,  crude,  neutral-detergent  and  acid-detergent  fiber,  and 


ash)  were  undertaken  by  the  methods  of  the  Association  of  Official 
Analytical  Chemists  ( 1984).  Gross  energy  was  determined  by  adia- 
batic  bomb  calorimetry.  Chromic  oxide  was  determined  by  atomic 
absorption  spectroscopy  on  the  basis  of  a  modification  of  the  meth- 
ods described  by  Hillebrand  et  al.  (1953).  The  modified  method- 
ology involved  preliminary  ignition  of  the  sample  at  500°C  to 

seawater  inlet 


seawater  outlet 


support  flange 


collection  tube 


ice  pack 


Figure  I.  Diagram  of  the  digestibility  tank. 
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renune  organic  material  and  the  dissoluUoii  ol  ihc  sample  m  hy- 
drochloric acid  instead  of  sulfuric  acid  (M.  Frith  pers.  comm.. 
University  of  Tasmania.  Launeeston.  Australia).  Amino  acids  in 
the  ingredients,  manut'aelured  diets,  and  abalone  feces  were  sepa- 
rated by  ion-exchange  chromatography  after  a  24-h  hydrolysis  at 
I  IO°C  with  a  constant  boiling  point  6N  HCL  under  N^  and  were 
measured  after  reaction  with  ninhydrin.  Norleucine  was  used  as  an 
internal  standard,  with  accepted  recoveries  falling  between  ±0.02.'S 
g/kg  of  the  batch  mean.  Digestibility  coefficients  for  methionine 
and  cystine  and  the  content  of  these  amino  acids  in  the  ingredients 
have  not  been  reported  because  preoxidation  of  the  samples  with 
performic  acid  before  hydrolysis  was  not  completed  (so  that  me- 
thionine and  cystine  could  be  reported  as  methionine  sulfone  and 
cysteic  acid,  respectively). 

Digestihilily  Delermination 

The  apparent  digestibilities  of  nutrients  in  the  single-ingredient 
diets  were  calculated  with  the  following  formula  (Hardy  1997): 


Apparent  Digestibility  ; 


Cr  ,„.,  X  Nutrientf, 


where  Cr  is  chromium  content  and  Nutrient  is  nutrient  or  energy 
content  of  the  diet.  The  calculation  of  digestibilities  in  the  mixed 
diets  was  based  on  the  values  obtained  when  the  feedstuffs  were 
given  individually.  In  this  calculation,  the  relative  proportion  from 
each  feedstuff  of  the  various  nutrients  had  to  be  considered.  This 
was  calculated  using  the  following  formula  based  on  van  Barne- 
veldet  al.  (1997): 


AD: 


(IL  X  Nutrient,„g,,d„„, ,  x  AD,„g,^j„„, , ) 
-KIL  X  Nutrienti„g,,j,en, .  x  AD,„g,,d„„, ,) 


where  IL  is  the  inclusion  level,  AD  is  the  apparent  fecal  digest- 
ibility, and  Nutrient  is  the  nutrient  or  energy  content  of  the  indi- 
vidual ingredients.  These  calculated  digestibilities  were  compared 
with  the  measured  digestibility  coefficients  lor  the  mixed  diets. 

Slatislical  Analysis 

The  results  were  analyzed  by  analysis  of  variance  of  the  com- 
pletely randomized  design,  with  a  general  linear  model,  and  the 
treatment  means  were  separated  by  least  significant  difference. 
Before  analysis,  data  were  analyzed  by  a  univariate  procedure  and 
normal  plot  to  establish  that  the  data  were  in  fact  normally  dis- 
tributed, which  was  the  case.  The  presence  of  outlying  measure- 
ments was  assessed  by  the  RANK  procedure  in  SAS  (SAS  Institute 
Inc.  1988),  and  normal  scores  were  computed  from  the  ranks  based 
on  the  Blom  (1958)  version.  Because  no  outlying  measurements 
were  detected  by  the  RANK  procedure,  all  were  used  in  the  cal- 
culation of  digestibility  estimates  for  all  parameters,  respectively. 

RESULTS 

Fecal  digestibility  coefficients  were  detemiined  by  chromic  ox- 
ide analysis  alone  because  insufficient  feces  were  available  for 
//-hexatriacontaine  analysis  (Table  4).  Because  of  the  need  to  re- 
formulate Diets  3  and  4,  only  two  replicates  were  collected  for 
these  treatments.  Because  of  inadequate  production  of  feces  by 
abalone  feeding  on  the  reformulated  Diet  5.  no  data  were  collected 
for  the  digestibility  of  nutrients  in  casein.  Consequently,  the  ap- 
parent digestibility  of  casein  was  estimated  with  the  following 
formula; 


(IL  X  Nutrient 


Ingredient 


, )  -I-  (IL  X  Nutrient 


AD, 


<ADj,^,,  xNutrientj,^,)- 
S(1L  X  Nutrient„„,„  ,„„„,.i..,„„  x 
AD„ 


Other  ingredients  ' 
''uther  ingredients 


Ingrcdii 


TABLE  4. 

H.  laevigata,  .\pparent  fecal  digestibility  coefficients  of  N,  gross  energy,  and  amino  acids  in  experimental  diets  containing  single  ingredients 
(Diets  1-5)  or  combinations  of  ingredients  (Diets  6-11)  fed  to  juvenile  greenlip  abalone 


Single  Diets 

Mixed  Diets 

Component 

1 

2 

3 

4 

5t 

6 

7 

8 

9 

10 

11 

SE 

N 

0.54 

0.71 

0.43 

0.91 

— 

0.58 

0.44 

0.84 

0,86 

0.52 

0.85 

1.42 

Gross  energy 

0.25* 

0.25* 

0.51* 

0.80* 

— 

0.58 

0.41 

0.61 

(1,57 

0.53 

0.60 

0.67 

Amino  acids 

Aspartic  acid 

0.43 

0.54 

0.37 

0.91 

— 

0.48 

0.34 

0.84 

0.86 

0.40 

0.84 

1.83 

Threonine 

0.39 

0.62 

0.36 

0.89 

— 

0.49 

0.33 

0.83 

0.85 

0.42 

0.83 

2.08 

Serine 

0.46 

0.81 

0.37 

0.91 

— 

0.54 

0.42 

0.87 

0.88 

0.50 

0.87 

1.91 

Glutamic  acid 

0.52 

0.77 

0.43 

0.94 

— 

0.61 

0.55 

0.88 

0.91 

0.57 

0.89 

1.67 

Proline 

0.40 

0.71 

0.20 

0.89 

— 

0.58 

0.52 

0.85 

0.S8 

0.49 

0.86 

3.60 

Glycine 

0.45 

0.67 

0.41 

0.90 

— 

0.50 

0.38 

0.79 

0.81 

0.44 

0.79 

1.88 

Alanine 

0.43 

0.63 

0.42 

0.88 

— 

0.50 

0.36 

0.79 

0.81 

041 

0.78 

2.13 

Valine 

0.43 

0.69 

0.33 

0.88 

— 

0.53 

0.40 

0.85 

0.86 

0.44 

0.84 

2.02 

Isoleucine 

0.30 

0.58 

0.33 

0.86 

— 

0.48 

0.34 

0.83 

0.84 

0.40 

0.80 

1.95 

Leucine 

0.40 

0.65 

0.36 

0.88 

— 

0.51 

0.41 

0,84 

0.86 

0.46 

0.83 

1.93 

Tyrosine 

0.44 

0.75 

0.31 

0.92 

— 

0.49 

0.45 

0.85 

0.79 

0.51 

0.84 

3.02 

Phenylalanine 

0.41 

0.70 

0.34 

0.89 

— 

0.53 

0.44 

0.84 

0.86 

0.43 

0.83 

1.90 

Lysine 

0.45 

0.61 

0.42 

0.91 

— 

0.52 

0.39 

0.87 

0.88 

0.44 

0.86 

1.94 

Histidine 

0.45 

0.68 

0.48 

0.91 

— 

0.57 

0.53 

0.88 

0.89 

0.58 

0.87 

1.54 

Arginine 

0.51 

0.71 

0.37 

0.95 

— 

0.49 

0.35 

0.87 

0.90 

0,46 

0.85 

2.01 

*  The  digestibility  of  gross  energy  in  barley,  semolina,  fishmeal,  and  lupin  kernel  meal  was  calculated  from  the  digestibility  values  presented  here  by 
subtracting  the  amount  of  digestible  energy  contributed  from  the  oil  and  pregelled  starch  in  each  diet. 
t  No  data  were  collected  because  of  inadequate  fecal  collection. 
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where  AD  is  apparent  t'ecal  digestibility.  Nutrient  is  tlie  nutrient  or 
energy  content  of  the  diet  or  ingredients,  and  IL  is  inclusion  level 
To  test  the  assumption  of  additivity  of  nutrients  in  the  mixed  diets. 
the  estimates  of  the  apparent  fecal  digestibility  of  nutrients  in 
casein  in  Diets  8-11  were  compared  statistically.  Diets  6  and  7 
were  not  included  in  the  analysis  because  the  low  inclusion  level 
of  casein  in  these  diets  (5.2  and  43%,  respectively)  meant  that 
casein  was  only  contributing  a  small  proportion  of  the  nutrients 
and  hence  the  data  were  not  reliable  or  meaningful.  Diet  10  was 
included  despite  its  low  inclusion  level  of  casein  (4.7%)  because 
the  data  appeared  to  be  meaningful. 

If  ingredients  are  additive,  the  estimates  of  nutrient  digestibility 
in  casein  will  not  differ  significantly  between  the  diets  used  in  the 
calculation.  The  estimates  of  the  fecal  digestibility  of  N.  serine, 
glutamic  acid,  proline,  glycine,  valine,  isoleucine.  leucine,  phenyl- 
alanine, and  arginine  in  casein  were  not  significantly  different 
between  diets  (p  >  0.05).  The  estimate  of  the  fecal  digestibility  of 
gross  energy,  aspartic  acid,  threonine,  alanine,  tyrosine,  lysine,  and 
histidine  in  casein  in  Diet  10  differed  significantly  from  those  in 
DietsS,  9,  and  11  (p  <  0.01;  Table  5).  Thus,  the  fecal  digestibilities 
of  all  nutrients  in  casein  were  statistically  similar  between  Diets  8, 
9,  and  1 1  (p  >  0.01). 

DISCUSSION 

Because  the  estimates  of  the  fecal  digestibility  of  nutrients  in 
casein  in  Diet  10  were  higher  than  in  the  other  diet  in  some  cases 
and  lower  in  others,  it  can  be  assumed  that  the  results  from  Diet  1 0 
were  not  a  result  of  nonadditivity  of  ingredients  but  rather  random 
variation.  This  is  not  surprising,  given  the  low  inclusion  level  of 


casein  in  Diet  10  of  4.7%.  In  Diets  8,  9.  and  1 1,  where  the  inclu- 
sion level  of  casein  was  about  15%,  ingredients  were  additive, 
irrespective  of  dietary  fiber  levels.  Thus,  combining  ingredients 
w  ith  high  NSP  levels  in  manufactured  abalone  diets  does  not  affect 
the  fecal  digestion  of  dietary  N,  amino  acids,  or  gross  energy 
contributed  from  constituent  ingredients.  Unlike  other  monogastric 
species,  such  as  pigs,  rats,  and  chickens,  abalone  appear  to  have 
the  digestive  capability  to  use  nutrients  from  high-fiber  diets.  This 
is  supported  by  recent  work  by  a  number  of  researchers  that  dem- 
onstrates that  abalone  have  abundant  carbohydrases,  in  particular, 
the  polysaccharide  hydrolases  (reviewed  in  Fleming  et  al.  1996), 
and  have  digestive  tract  bacteria  that  play  a  key  role  in  digestion 
(Erasmus  et  al.  1994,  Erasmus  1996)  and  are  capable  of  processing 
dietary  fiber,  including  cellulose  (M.  T.  Viana  pers.  comm.).  Be- 
cause dietary  NSP  does  not  appear  to  hinder  the  digestion  of  other 
nutrients,  the  results  suggest  that  fecal  digestibility  coefficients  of 
ingredients  are  additive  when  incorporated  into  manufactured 
feeds  for  abalone  and  so  are  good  descriptors  of  nutritive  value 
before  ingredient  inclusions  in  diets.  The  high  protein  digestibility 
of  mixed  diets  containing  combinations  of  lupin  meal  and  barley 
also  suggests  that  cereals  and  legumes  can  be  used  in  manufac- 
tured feeds  as  a  cheap  source  of  protein  and  energy  in  abalone 
diets. 

The  endogenous  N  content  of  the  feces  can  have  a  considerable 
effect  on  the  values  for  the  apparent  protein  digestibility  of  certain 
feed  ingredients  for  abalone  (Coote  1997).  Initially,  all  diets  were 
formulated  to  be  isonitrogenous,  but  reformulation  of  Diets  1-5 
after  the  first  collection  period  meant  that  maintaining  equal  crude 
protein  contents  was  not  possible.  Care  must  be  used  when  inter- 


table  s. 

H.  laevigata.  Calculated  apparent  fecal  digestibility  coefficients  of  N,  gross  energy,  and  amino  acids  In  casein  incorporated  into  diets 
containing  various  mixtures  of  barley,  nshmeal,  lupin  kernel  meal,  and  semolina. 


10 

11 

8 

9 

(Semolina 
and  Lupin) 

(Barley, 
Semolina   and 

(Barley, 
.Semolina 

Statistics 

Component 

(Barley  and  Lupin) 

Fishmeal) 

and  Lupin) 

SE 

P 

Signincancet 

N 

(J.  85 

0.S6 

0,911 

(1.87 

5.09 

0.935 

NSt 

Gross  energy* 

0.95" 

0.98" 

2.46'' 

1.06" 

19.28 

0.000 

§ 

Amino  acids 

Aspartic  acid 

0.86" 

0.87-' 

0.67" 

0.85" 

2.91 

0.004 

II 

Threonine 

0.88' 

0.89" 

0.68" 

0.84" 

2.51 

0.000 

§ 

Serine 

0.90 

0.88 

(1.90 

0.88 

2.74 

0.920 

NS 

GUiIamic  acid 

0.93 

0.96 

(196 

0.94 

5.22 

0.950 

NS 

Proline 

0.94 

0.94 

1.14 

0.93 

10.45 

0.465 

NS 

Glycine 

0.82 

0.77 

0.62 

0.75 

6.42 

0.252 

NS 

Alanine 

0.84" 

0.81' 

0.15" 

0.79" 

6.54 

0.000 

Sll 

Valine 

0.92 

()»(1 

0.9(1 

0.88 

l().()4 

0.996 

NS 

Isoleucine 

0.91 

0.91 

0.79 

0.84 

8.38 

0.677 

NS 

Leucine 

0.90 

0.91 

0.90 

0.87 

3.22 

0.806 

NS 

Tyrosine 

0.87" 

0.74" 

l.-W 

0.84" 

9.12 

0.006 

II 

Phenylalanine 

0.97 

0.92 

0.75 

0.88 

5.27 

0.163 

NS 

Lysine 

0.91" 

0.90- 

0.52" 

0.88" 

3.72 

0.000 

s 

Histidine 

0.93" 

0.96" 

1.31-' 

0.92" 

2.75 

0.000 

s 

Arginine 

0.82 

0.X7 

1.24 

0.73 

14.12 

0.132 

NS 

*  The  digestibility  values  presented  have  been  adjusted  to  accouni  lor  the  contributicm  uf  digestible  energy  trom  (he  oil  and  pregelled  starch  in  ihe  diets. 

t  NS,  not  significant. 

JValues  in  column  with  dilYerenl  superscripts  differ  significantly  (p  <  0.05). 

Sp<  0.001. 

"p<  0.01. 
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preting  the  results,  particularly  lor  diets  with  low  protein  le\els 
and/or  for  diets  with  low  digestibilities.  However,  the  similarity  of 
the  estimates  of  the  apparent  digestibility  of  protein  in  casein 
(about  0.87)  obtained  in  this  study  with  those  reported  by  others 
(Fleming  et  al.  1996.  Coote  1997)  suggests  that  our  data  were  not 
significantly  biased  as  a  result  of  the  endogenous  contributions 
of  N.  ' 

The  results  from  this  experiment  demonstrate  that  apparent 
fecal  digestibility  \alues  are  additi\e.  Similar  research  is  required 
to  assess  the  additivity  of  true  fecal  digestibility  values  for  N  and 
amino  acids  in  feed  ingredients.  This  is  particularly  important 
because  endogenous  N  losses  in  abalone  are  significant  (Coote 
1997).  It  is  possible  that  the  digestibility  values  of  ingredients 
currently  used  in  commercial  manufactured  feeds  for  Australian 


ahalone  are  underestimating  their  true  nutritive  value.  Thus,  com- 
mercial feed  companies  may  be  oversupplying  these  ingredients  in 
their  diets.  By  determining  true  digestibility  values  of  feed  ingre- 
dients and  assessing  their  additi\ily.  diet  cost  could  be  further 
reduced  and  diets  could  be  formulated  to  more  closely  meet  nu- 
tritional requirements. 
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ABSTRACT  Previous  experiments  aimed  at  defining  optimum  protein-to-energy  ratios  in  manufactured  abalone  feed  revealed  that 
high  energy  diets  resulted  in  depressed  abalone  growth  rates.  Subsequent  investigations  showed  the  higher  energy  density  of  the  diets 
was  achieved  through  the  addition  of  fish  oil.  Given  abalone's  low  requirement  for  lipids  and  the  small  amount  of  lipase  in  their  gut, 
it  was  hypothesized  that  high  levels  of  dietary  lipid  depresses  the  digestibility  of  other  nutrients,  such  as  amino  acids,  by  restricting 
the  action  of  digestive  enzymes.  A  series  of  isonitrogenous  diets  containing  30,  60,  or  90  g/kg  of  either  jack  mackerel  oil  or  olive  oil 
were  formulated  and  fed  to  juvenile  Halioris  laevigata  to  determine  the  apparent  fecal  digestibilities  of  dry  matter,  gross  energy, 
nitrogen  (N),  and  amino  acids.  Inclusion  of  jack  mackerel  oil  in  manufactured  abalone  feeds  at  levels  above  60  g/kg  decreased  the 
digestion  of  dietary  N  and  amino  acids,  and  inclusion  at  levels  above  30  g/kg  decreased  gross  energy  digestion.  Oil  type  also  infiuenced 
the  apparent  fecal  digestibility  of  N,  amino  acids,  and  gross  energy.  Olive  oil  inclusion  had  significantly  different  effects  on  the 
digestion  of  these  parameters  when  compared  with  jack  mackerel  oil:  however,  these  differences  were  minimal  up  to  inclusion  levels 
of  30  g/kg.  It  was  concluded  that  the  addition  of  marine  or  vegetable  oils  to  manufactured  abalone  diets  should  be  limited  to  30  g/kg 
if  the  digestibility  of  N,  amino  acids,  and  gross  energy  is  not  to  be  affected  and  that  the  addition  of  oils  to  increase  dietary  energy  levels 
in  abalone  diets  may  not  be  a  cost-effective  strategy  and  may  be  detrimental  to  both  energy  and  protein  supply. 

KEY  ^yORDS:     digestibility,  amino  acids,  energy,  oil,  manufactured  feeds,  abalone 

INTRODUCTION  the  oil  inclusion  level.  The  high  energy  diets  contained  approxi- 
mately 50  g/kg  more  oil  than  the  low  energy  diets.  Because  the 

The  inclusion  level  of  oil  in  manufactured  diets  for  abalone,  p^j^^  ^f  jj^t^  ^^^^  ^,g„jgj  ,p  p^^j^^^  (j^^  respective  dietary  pro- 

and  the  type  of  oil,  may  effect  the  digestion  of  energy  and  amino  (ein  levels  at  a  set  level  of  digestible  energy,  and  because  the 

acids.  Coote  (1997)  conducted  an  e.xperiment  investigating  the  ,^,gh^^  ^^^^^-^  ^-^^  i^  ^^^  p^i^  ^^^^  ^  j,i„^g^  ^i,  ^^^^^^^^  ^^q  „^g  ^.^ 

effects  of  different  digestible  protein  to  digestible  energy  ratios  on  55  ^/^.„^^  ■^^  indicates  that  as  the  protein  content  of  the  blends 

the  growth  and  body  composition  ot  juvenile  greenlip  abalone  increased,  so  did  the  dietary  oil  level.  This  suaaests  that  hiaher 

{Haliotis  laevigata)  over  a  61-day  period.  In  this  experiment,  two  1^^^,,  ^f  ^-^  inclusion  in  abalone  diets  may  be  affectina  the  ability 

pairs  of  diets  were  formulated  to  contain  10.6  MJ  digestible  energy  ^f  .^^.^^^^^  ,^  jig^,,  ^^^^^^^.  nutrients.  As  oil  is  an  essential  addition 

(DE)/kg  and  12,7  MJ  DE/kg,  respectively.  Each  pair  consisted  of  ^^^  ^t,^!^^^  jj^j^,  ^^  ^.^.ppl^  essential  fatty  acids,  it  is  important  to 

one  diet  high  in  dietary  protein  and  one  with  negligible  protein,  ^^j-^^  the  level  at  which  oil  inclusion  starts  to  interfere  with  the 

and  these  pairs  were  blended  to  provide  10  levels  of  dietary  protein  jige.tion  of  other  nutrients.  It  is  also  worthwhile  definina  whether  oil 

at  each  energy  level,  respectively.  Based  on  the  concept  of  protein-  ^^.^^  ^.^^  ^„^,  influence  on  abalone  diaestion  mechanisms.  Tlie  obiec- 

and  energy-dependent  phases  in  protein  deposition  (Campbell  (j^.^,  „j-  t^is  expenmenl  were  to  detemiine  the  influence  of  oil  inclu- 

1988,  Bikker  1994),  juvenile  abalone  fed  diets  with  a  higher  en-  ^j^^  ,^,,^1  ^^  oil  type  on  the  fecal  digestibility  of  N,  amino  acids,  and 

ergy  density  were  expected  to  grow  faster  at  higher  dietary  protein  g^^,^^  energy  in  juvenile  greenlip  abalone  (Haliotis  laevigata). 
levels.  However,  contrary  to  expectations,  abalone  fed  the  high 

energy  diets  grew  significantly  slower  than  those  fed  the  low  en-  MATERIALS  AND  METHODS 

ergy  diets,  at  all  protein  levels.  In  addition,  it  was  found  that  the 
digestibility  of  protein  in  the  high  energy  diets  diminished  as  the 
dietary  protein  level  increased.  Jack  mackerel  oil  (Triabunna  Fish  Oils,  Triabunna,  Tasmania, 

Examination  of  the  experimental  diets  revealed  that  the  main  Australia)  and  olive  oil  (Aceites  Borges  Pont,  S,A,  Tarrega,  Spain) 

difference  between  the  high  energy  and  the  low  energy  diets  was  were  the  two  oils  compared  in  this  experiment.  Jack  mackerel 
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(Tiachurus  declivis)  oil  was  selected  on  the  basis  of  being  a  marine 
oil  with  high  levels  of  20:5(n-3)  (-7.6%  total  fatty  acids)  and 
22:6(n-3)  (-3.1%  total  fatty  acids),  and  it  was  the  oil  used  by 
Coote  (1997).  In  contrast,  olive  oil  is  characterized  by  a  lack  of 
highly  unsaturated  fatty  acids  (HUFAs)  and  polyunsaturated  fatty 
acids  iPUFAs,  Tacon  1990).  The  jack  mackerel  oil  is  also  likely  to 
have  a  higher  digestibility  than  the  olive  oil  because  of  a  higher 
level  of  unsaturated  fatty  acids,  which  are  better  digested  than 
monounsaturated  or  saturated  fatty  acids  (B.  Glencross.  pers. 
comm..  CSIRO  Marine  Research.  Cleveland,  Australia).  For  this 
reason,  the  presence  of  jack  mackerel  oil  might  be  expected  to 
have  a  smaller  influence  on  the  digestibility  of  other  components 
of  the  diet  when  included  at  high  levels. 

Diets 

Seven  diets  were  formulated  to  undertake  this  experiment 
(Table  1 ).  The  basal  diet  (diet  I )  contained  semolina,  pre-gelled 
starch,  casein,  fish  meal,  and  defatted  soyflour  (Table  2).  No  oil 
was  added  to  the  basal  diet  used  as  the  control  diet  for  the  experi- 
ment. Test  diets  contained  30,  60,  or  90  g/kg  of  jack  mackerel  oil 
(diets  2^)  or  olive  oil  (diets  5-7).  respectively,  included  in  the 
basal  diet  at  the  expense  of  kaolin  (filler).  All  other  ingredient 
levels  were  kept  constant  in  the  test  diets  to  preserve  the  crude 
protein  and  amino  acid  levels  and  to  ensure  that  lipid  supplied 
from  other  dietary  ingredients  did  not  vary.  Vitamin  and  mineral 
premixes  were  as  described  by  Uki  et  al.  (1985)  and  sodium  algi- 
nate was  included  as  a  diet  binder.  Chromic  oxide  and  n- 
hexatriacontane  were  included  as  indigestible  markers  in  all  diets 
for  use  in  subsequent  digestibility  calculations.  n-Hexatriacontane 
was  added  by  dissolving  in  warm  oil  prior  to  addition  to  the  diet. 
For  the  control  diet  (diet  I ).  this  marker  was  ground  in  a  mill  with 
a  0.5-mm  screen  and  then  mixed  thoroughly  with  the  semolina  in 
a  mixer  before  addition,  because  no  oil  was  added  to  diet  1 .  Diets 
were  produced  in  the  form  of  "flat  chips"  as  described  by  Coote 
et  al.  (1996). 

Abalone  Management  and  Feces  Collection 

Diet  Allocations  and  Abalone 

Diets  were  randomly  allocated  to  two  of  14  digestibility  tanks 
over  two  separate  collection  periods  to  provide  four  replicates  per 


diet  based  on  a  completely  randomized  design.  Each  digestibility 
tank  contained  between  60-80  juvenile  H.  laevigata  (shell  length 
40-60  mm).  These  abalone  had  been  raised  on  diatoms  from  settle- 
ment to  about  10  mm  in  shell  length  and  then  grown  on  manufac- 
tured abalone  feed  containing  26%  crude  protein  and  18  MJ/kg  of 
gross  energy. 

Tanks  and  Collection  System 

Conical-shaped  tanks  were  fitted  with  fecal  collection  and 
drainage  plumbing  as  described  by  Coote  (19971.  A  bucket  (20-L 
capacity)  with  a  mesh  bottom  (4-mm  mesh)  was  used  to  contain 
the  abalone  within  the  tank  while  permitting  feces  to  drop  into  the 
collection  tube,  which  was  packed  with  ice  during  fecal  collection. 
Seawater,  filtered  to  10  p.m  by  a  combination  of  primary  and 
composite  sand  filters,  was  continuously  supplied  to  each  tank  at 
a  rate  of  2-L/min.  Water  temperature  was  maintained  at  I8°C  and 
aeration  (0.5  L/min)  was  provided  by  one  air  stone  per  tank. 

Feeding 

A  diet  adaption/acclimation  period  of  7  days  was  allowed  be- 
fore feces  collection,  during  which  time,  the  abalone  were  fed 
every  night,  and  the  tanks  were  cleaned  each  morning,  but  no  feces 
were  collected.  Abalone  were  fed  to  excess  (i.e..  abalone  were 
supplied  with  more  feed  than  they  could  consume  between  tank 
cleaning  and  feeding  each  day,  but  not  enough  to  foul  the  tanks)  at 
1700  h  each  day.  Tanks  were  cleaned  each  morning  to  ensure  all 
uneaten  food  was  removed  in  an  attempt  to  prevent  diet  mixing 
with  feces. 

Fecal  Collection 

Fecal  collection  occurred  every  day  until  5-6  grams  of  dry 
fecal  matter  had  been  collected  from  each  tank.  This  took  approxi- 
mately 19  days  for  the  first  collection  period  and  25  days  for  the 
second.  Cleaning  and  tank  setup  took  place  between  0730  and 
0900  each  morning,  with  fecal  collection  completed  between  16(!)0 
and  1700  each  afternoon.  This  meant  that  feces  were  in  the  col- 
lection tubes  for  no  longer  than  8  h.  Levels  of  leaching  of  nutrients 
from  the  feces  were  not  measured,  but  it  was  assumed  that  any 
leaching  that  did  occur  was  the  same  across  all  treatments.  In 


TABLE  L 
Composition  of  experimental  diets  (g/kg,  air-dry  basis). 


Diet 

Ingredient 

1 

2 

3 

4 

5 

6 

7 

Semolina 

190.0 

lyo.o 

190.0 

190.0 

190.0 

190.0 

190.0 

Pre-gelled  starch 

410.0 

410.0 

410.0 

410.0 

410.0 

410.0 

410.0 

Casein 

140.0 

140.0 

140.0 

140.0 

140.0 

140.0 

140.0 

Fish  meal 

30.0 

30.0 

30.0 

30.0 

30.0 

30.0 

30.0 

Defatted  soytlour 

60.0 

60.0 

60.0 

60.0 

60,0 

60.0 

60.0 

Jack  mackerel  oil 

.^0 

60 

90 

Olive  nil 

30 

60 

90 

Kaolin  (filler) 

154.x 

124.8 

94.8 

64.8 

124.8 

94.8 

64.8 

Sodium  alginate 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

Vitamin  premix' 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

3.0 

Mineral  premix'' 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Chromic  oxide 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

n-Hexatriacontane 

0.2 

0.2 

0.2 

0.2 

0,2 

0.2 

0.2 

■'  Vitamin  and  mineral  premixes  as  described  by  Uki  el  al.  ( I9S5). 
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TABLE  2. 

Proximate  analysis,  and  Iota!  amino  acid  content  (g/kg.  air-dr)  basis),  and  gross  energy  content  (MJ/kg,  air-dry  basis)  of  semolina,  casein, 
pre-gelled  starch,  fishmeal,  and  defatted  soyflour  used  in  experimental  diets. 


Diet  Ingredient 


Component 


Semolina 


Casein 


Pre-gelled  Starch 


Fishmeal 


Defatted  Sovflour 


Dry  matter 

863..^ 

897.7 

Crude  protein  (N  x  6.25) 

97.8 

848.8 

Ash 

2.8 

3.1 

Ether  extract  (bp  40-60°) 

7.2 

7.5 

Fiber  extract; 

Crude 

15.1 

14.6 

Neutral-detergent 

18.8 

4.9 

Acid-detergent 

21.0 

Amino  acids 

Aspartic  acid 

3.40 

54.50 

Threonine 

2.71 

35.91 

Serine 

4.43 

48.10 

Glutamic  acid 

30.12 

181.18 

Proline 

8.05 

65.57 

Glycine 

2.92 

14.89 

Alanine 

1.61 

16.22 

Valine 

4.16 

55.08 

Isoleucine 

3.70 

44.97 

Leucine 

6.06 

71.27 

Tyrosine 

2.25 

41.82 

Phenylalanine 

3.87 

35.79 

Lysine 

1.85 

61.45 

Histidine 

1.61 

19.82 

Arginine 

2.94 

28.65 

Gross  energy  (MJ/kg) 

15.51 

2 1 .54 

939.9 
5.5 
0.40 
7,7 


638.3 

151.0 

98.3 


16.22 


5 1 .05 
27.07 
24.55 
85.64 
22.38 
32.25 
22.37 
31.27 
29.53 
42.59 
17.42 
21.75 
44.94 
15.51 
32.73 
19.16 


K77.N 

477.U 

62.8 

10.6 

49.8 

1 20.3 

79.9 

26.22 

10.81 

12.73 

49.61 

9.60 

9.76 

6.54 

12.76 

12.11 

17.54 

7.98 

10.53 

14.75 

6.30 

16.62 

17.06 


addition,  because  all  the  feces  collected  from  all  treatments  were  in 
the  fomi  of  discrete,  intact  pellets,  it  was  assumed  that  the  level  of 
leaching  was  rninimized. 

On  each  day  of  fecal  collection,  the  buckets  containing  the 
abalone  were  removed,  the  digestibility  tanks  were  drained  of 
water  and  all  fittings  were  cleaned  of  feces  and  uneaten  feed. 
Abalone  were  out  of  the  water  for  1-2  min  while  this  was  com- 
pleted. Following  cleaning,  the  tanks  were  refilled,  the  buckets 
replaced,  and  collection  tubes  were  fitted.  A  small  esky  was  placed 
underneath  each  collection  tube  and  filled  with  ice  to  keep  the 
collecting  feces  cold  and  thus  minimize  any  subsequent  enzymic 
or  microbial  degradation.  Approximately  8  h  later  (i.e..  each  af- 
ternoon), the  feces  were  collected  from  the  tubes  by  gently  pouring 
the  contents  onto  a  I  -mm  mesh  screen.  The  mesh  was  then  placed 
in  a  petri  dish  and  frozen  at  -20°C.  The  following  day.  the  frozen 
feces  were  scraped  off  the  mesh,  pooled  into  a  composite  sample 
for  each  tank,  and  returned  to  the  freezer  before  chemical  analysis. 
Immediately  before  chemical  analysis,  the  feces  were  freeze-dried 
and  then  ground  with  a  mortar  and  pestle. 

Chemical  Analyses 

Chemical  analyses  for  proximates  (i.e..  crude  protein,  dry  mat- 
ter, ether  extract,  crude  fiber,  neutral-detergent  fiber,  acid- 
detergent  fiber,  and  ash)  were  undertaken  using  the  methods  of  the 
Association  of  Official  .Analytical  Chemists  (1984).  Gross  energy 
was  determined  by  adiabatic  bomb  calorimetry.  Chromic  oxide 
was  determined  using  atomic  absorption  spectroscopy  based  on  a 
modification  of  the  method  described  in  Hillebrand  et  al.  ( 19.53). 


The  modified  methodology  involved  preliminary  ignition  of  the 
sample  at  500°C  to  remove  organic  material  and  the  dissolution  of 
the  sample  in  hydrochloric  acid  instead  of  sulphuric  acid  (M.  Frith, 
pers.  comm.,  University  of  Tasmania.  Launceston.  Tasmania.  Aus- 
tralia). Amino  acids  in  the  ingredients,  manufactured  diets,  and 
abalone  feces  were  separated  by  ion-exchange  chromatography 
following  a  24-h  hydrolysis  at  IIO°C  with  constant  boiling  point 
6N  HCI  under  N,  and  ineasured  after  reaction  with  ninhydrin. 
Norleucine  was  used  as  an  internal  standard  with  accepted  recov- 
eries falling  between  ±0.025  g  kg"'  of  the  batch  mean.  Digestibil- 
ity coefficients  for  methionine  and  cystine  and  the  content  of  these 
amino  acids  in  the  ingredients  have  not  been  reported,  because 
preoxidation  of  the  samples  with  performic  acid  before  hydrolysis 
was  not  completed  (so  that  methionine  and  cystine  could  be  re- 
ported as  methionine  sulphone  and  cysteic  acid,  respectively). 

Statistical  Analysis 

The  results  were  analyzed  by  analysis  of  variance  (ANOVA)  of 
the  completely  randomized  design,  utilizing  a  general  linear 
model,  and  the  treatment  ineans  were  separated  by  least-significant 
difference  (LSD).  Before  analysis,  data  were  analyzed  using  a 
univariate  procedure  and  normal  plot  to  establish  that  the  data 
were,  in  fact,  normally  distributed,  which  was  the  case.  The  pres- 
ence of  outlying  measurements  was  assessed  using  the  RANK 
procedure  in  SAS  (SAS  Institute  Inc..  1988).  and  normal  scores 
were  computed  from  the  ranks  based  on  the  Blom  ( 1958)  version. 
Because  no  outlying  measurements  were  detected  using  the  RANK 
procedure,  all  were  used  in  the  calculation  of  digestibility  esti- 
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mates  for  all  parameters,  respectively.  Digestibility  data  for  diets 
1^  and  diets  1.  5-7  were  separated  and  analyzed  in  two  parts  to 
assess  the  linear  responses  of  abalone  fed  diets  containing  each  oil 
type. 

RESULTS 

Feces  were  successfully  collected  (5-6  g  fecal  dry  matter/tank 
containing  80-100  abalone)  for  all  treatments  during  both  collec- 
tion periods.  No  abalone  mortalities  were  recorded  for  any  tank  in 
any  treatment.  Digestibility  coefficients  were  detennined  using 
chromic  oxide  analysis  alone,  because  insufficient  faeces  were 
available  for  n-hexatriacontane  analysis. 

Graded  levels  of  jack  mackerel  oil  inclusion  significantly  in- 
creased (p  <  .05)  dry  matter  digestibility  (DMD;  Table  3).  In 
contrast,  olive  oil  inclusion  had  little  effect  on  DMD.  Both  oils 
significantly  decreased  (p  <  .05)  N  digestibility.  N  digestibility 
was  significantly  lower  (p  <  .05)  in  diets  containing  90  g/kg  of  jack 
mackerel  oil;  whereas,  a  significant  decrease  was  evident  in  diets 
containing  more  than  30  g/kg  of  olive  oil.  The  digestibility  of  N  in 
diets  containing  olive  oil  at  levels  of  60  g/kg  (0.79)  and  90  g/kg 
(0.78)  was  also  lower  than  those  containing  jack  mackerel  oil  at  the 
same  level  (0.83  and  0.81.  respectively).  Gross  energy  digestibility 
was  significantly  reduced  in  diets  containing  more  than  30  g/kg  of 
either  jack  mackerel  or  olive  oil  as  compared  to  the  basal  diet; 
however,  as  with  N  digestibility,  the  magnitude  of  the  decrease 
was  greater  in  diets  containing  olive  oil. 


The  apparent  fecal  digestibility  of  all  reported  amino  acids  was 
significantly  lower  (p  <  .05)  in  diets  containing  90  g/kg  of  jack 
mackerel  oil  as  compared  to  the  control  diet,  with  the  exception  of 
isoleucine  digestibility,  which  remained  unchanged  (Table  3). 
With  the  exception  of  proline  and  valine,  the  digestibility  of  amino 
acids  in  diets  containing  60  g/kg  of  jack  mackerel  oil  were  not 
significantly  different  from  the  control  diet. 

A  significant  decrease  (p  <  .05)  in  the  apparent  fecal  digest- 
ibility of  threonine,  serine,  glutamic  acid,  proline,  valine,  tyrosine, 
lysine,  and  alanine  was  observed  in  diets  containing  more  than  30 
g/kg  of  olive  oil  (Table  3).  The  digestibility  of  aspartic  acid,  threo- 
nine, leucine,  phenylalanine,  and  histidine  was  significantly  lower 
(p  <  .05)  in  diets  containing  60  g/kg  of  olive  oil  compared  to  diets 
containing  90  g/kg  of  olive  oil. 

With  the  exception  of  tyrosine  and  arginine.  the  apparent  fecal 
digestibility  of  amino  acids  in  diets  containing  60  g/kg  of  olive  oil 
were  significantly  lower  (p  <  .05)  than  amino  acids  in  diets  con- 
taining the  same  amount  of  jack  mackerel  oil.  There  was  no  dif- 
ference (p  >  .05)  in  the  digestibility  of  amino  acids  in  diets  con- 
taining 90  g/kg  of  either  jack  mackerel  oil  or  olive  oil,  with  the 
exception  of  phenylalanine,  the  digestibility  of  which  was  signifi- 
cantly lower  in  the  diet  containing  jack  mackerel  oil. 

Contrasting  the  apparent  fecal  digestibility  of  dry  matter,  N. 
gross  energy,  and  amino  acids  in  the  control  diet  against  diets 
containing  graded  levels  of  jack  mackerel  oil  and  olive  oil,  respec- 
tively, revealed  a  linear  decrease  in  digestibility  of  N.  gross  en- 


TABLE  3. 

Fecal  digestibility  coefficients  of  dry  matter,  N,  gross  energy,  and  amino  acids  in  manufactured  diets  containing  graded  levels  of  jack 
mackerel  oil  (diets  2-4)  or  olive  oil  (diets  5-7)  fed  to  juvenile  greenlip  abalone  (Haliotis  laevigata). 


Diet^ 

1 

2 

3 

4 

5 

6 

7 

Oil  Inclusion  Level  (g/kg) 

Stat 

0 

Jack  Mackerel  Oil 

Olive  Oil 

istics 

Component 

30 

60 

90 

30 

60 

90 

p>F 

SEM 

Dry  matter 

0.62" 

0.62° 

0.65" 

0.69' 

0.60''' 

0.58" 

0.62° 

*** 

0.010 

N 

0.85' 

0.84' 

0.83' 

0.81" 

0.83° 

0.79"' 

0.78' 

*** 

0.008 

Gross  energy 

0.84» 

0.82" 

0.79' 

0.79' 

0.83°" 

0.75' 

0.73' 

*** 

0.007 

Amino  acids 

Aspartic  acid 

0.85' 

0.84° 

0.82' 

0.78" 

0.81°" 

0.71' 

0.78" 

*** 

0.013 

Threonine 

0.85" 

0.85' 

0.83° 

0.79" 

0.83° 

0.69' 

0.78" 

*** 

0.013 

Serine 

0.88' 

0.88° 

0.88' 

0.84" 

0.87° 

0.82" 

0.84" 

** 

0.0 10 

Glutamic  acid 

0.91° 

0.91° 

0.90° 

0.88" 

0.91° 

0.88" 

0.86" 

*** 

0.006 

Proline 

0.94' 

0.93°" 

0.91"' 

0.89'-'' 

0.93'" 

0.88" 

0.87" 

*** 

0.008 

Glycine 

0.75°' 

0.76° 

0.76° 

0.69" 

0.74°-' 

0.67" 

0.71"' 

** 

0.014 

Alanine 

0.79°' 

0.79°'- 

0.83° 

0.73" 

0.79°' 

0.74"' 

0.76"' 

* 

0.017 

Valine 

0.88° 

0.87' 

0.75" 

0.83' 

0.87° 

0.82' 

0.82' 

*** 

0.007 

Isoleucine 

0.82 

0.85 

0.83 

0.80 

0.80 

0.78 

0.80 

NS 

0.016 

Leucine 

0.86° 

0.84'-''' 

0.85° 

0.82"'-''-' 

0.84°'' 

0.80"' 

0.82'''' 

** 

0.010 

Tyrosine 

0.84'''f 

0.86°'' 

0.85°'''' 

0.82"'-s 

0.87' 

0.83"'" 

0.84f.8.i> 

** 

0.009 

Phenylalanine 

0.87° 

0.86" 

0.85' 

0.83"'' 

0.86° 

0.81" 

0.89' 

*** 

0.008 

Lysine 

0.88° 

0.88° 

0.86' 

0.80" 

0.86° 

0.83' 

0.79" 

+** 

0.008 

Histidine 

0.89° 

0.89° 

0.88° 

0.85"'' 

0.88' 

0.83' 

0.87''" 

** 

0.009 

Arginine 

0.82" 

0.84° 

0.81'-' 

0.77"" 

0.85° 

0.78"' 

0.74" 

*** 

0.014 

NS,  not  significant. 

*  p  <  .05. 

**p<  .01. 

***p<.001. 

SEM.  standard  error 

of  the  mean. 

'  Diets  in  a  row  with  different  superscripts  differ  significantly  (p  <  .05) 
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ergy,  and  all  icporlcd  aiiiino  acids  in  diets  coiUaining  increasing 
levels  of  jack  mackerel  oil.  w  ith  the  exception  of  alanine  and 
isoleucine  (Table  4).  A  significant  linear  decrease  in  apparent  fecal 
digestibility  was  also  e\  idem  for  all  amino  acids  in  diets  contain- 
ing graded  levels  of  olive  oil.  with  the  exception  of  alanine,  iso- 
leucine. tyrosine,  and  phenylalanine. 

Oil  type  significantly  influenced  the  diet  digestible  energy  con- 
tent (Table  5).  A  significant  linear  increase  (p  <  .001)  was  ob- 
served in  diets  containing  graded  levels  of  jack  mackerel  oil: 
whereas,  no  linear  response  was  observed  in  diets  containing  olive 
oil.  Significant  differences  (p  <  .01)  were  detected  between  diets 
containing  graded  levels  of  olive  oil,  but  a  significant  increa.se  was 
only  observed  for  diets  .^  and  7,  with  no  change  in  the  digestible 
energy  content  of  diet  6.  The  magnitude  of  the  increase  in  diet 
digestible  energy  content  observed  in  diet  7  was  also  lower  than 
the  increase  detected  for  diet  4.  which  contained  90  g/kg  of  jack 
mackerel  oil. 

DISCUSSION 

Inclusion  of  jack  mackerel  oil  in  manufactured  abalone  diets  at 
levels  above  60  g/kg  will  decrease  the  digestion  of  dietary  N  and 
amino  acids  when  fed  to  juvenile  H.  laevigata.  Similarly,  inclusion 
of  jack  mackerel  oil  in  manufactured  diets  at  levels  above  30  g/kg 
will  decrease  gross  energy  digestion.  Oil  type  can  also  influence 
the  apparent  fecal  digestibility  of  N,  amino  acids,  and  gross  en- 
ergy. Olive  oil  inclusion  had  significantly  different  effects  on  the 
digestion  of  these  parameters  when  compared  with  jack  mackerel 
oil;  however,  these  differences  were  minimal  up  to  inclusion  levels 
of  30  g/kg. 

In  a  study  investigating  the  effect  of  dietary  protein  and  energy 
level  on  growth  and  body  composition  of  the  South  African  aba- 

TABLE  4. 

Statistical  analysis  of  diets  1—4  (jack  mackerel  oil)  and  1,  5-7  (olive 
oil),  respectively,  for  linear  responses  to  graded  level  of  oil  inclusion. 


Jack  Mackerel  Oil 

Olive  Oil 

Component 

Linear  (p  > 

F) 

Linear  (p  >  F) 

Dry  matter 

^■j^^ 

NS 

n' 

** 

*** 

Gross  energy 

*** 

*** 

Amino  acids 

Aspartic  acid 

** 

** 

Threonine 

*** 

** 

Serine 

** 

** 

Glutamic  acid 

*** 

*** 

Proline 

** 

#** 

Glycine 

** 

* 

Alanine 

NS 

NS 

Valine 

*** 

*** 

Isoleucine 

NS 

NS 

Leucine 

** 

** 

Tyrosine 

* 

NS 

Phenylalanine 

** 

NS 

Lysine 

*** 

*** 

Histidine 

* 

* 

Arginine 

** 

** 

NS.  not  significant. 
*  p  <  .05. 
**p<  .01. 
***p<  .001. 


lone,  Haliotis  midae.  Britz  and  Hecht  (1997)  demonstrated  that 
dietary  lipid  level  influenced  growth  rate,  thus  supporting  the  find- 
ings of  the  cunent  experiment.  Britz  and  Hecht  ( 1997)  tested  three 
dietary  fat  levels  (2.  6.  and  lOVr )  and  concluded  that  a  dietary  lipid 
level  of  10%  was  too  high  for  H.  inidac  to  maintain  maximum 
growth. 

The  results  from  the  current  experiment  suggest  that  the  poor 
growth  response  of  juvenile  H.  laevigata  observed  by  Coote 
(1997)  when  they  were  fed  high-oil  diets  (55-90  g/kg)  was  attrib- 
utable, in  part,  to  a  decrease  in  the  apparent  fecal  digestibility  of  N 
and  amino  acids.  In  addition,  as  the  oil  content  of  the  diets  in- 
creased, the  gross  energy  digestibility  would  have  decreased. 
Hence,  the  digestible  energy  content  of  the  diets  would  have  been 
higher  than  the  low-oil  diets,  but  the  magnitude  of  the  difference 
would  have  been  lower  than  expected. 

The  results  of  the  current  experiment  are  consistent  with  the 
findings  of  Wee  et  al.  (1992),  who  reported  a  high  efficiency  of 
lipid  digestion  by  H.  laevigata  feeding  on  diets  containing  3.4% 
lipid.  The  current  experiment  gives  no  indication  of  the  efficiency 
of  lipid  digestion  at  higher  oil  inclusion  levels;  however,  the  de- 
crease in  the  digestion  of  other  nutrients  at  higher  oil  inclusion 
levels  suggests  that  dietary  oil  addition  should  be  limited  to  30 
g/kg.  The  increase  in  dry  matter  digestibility  with  increasing  ad- 
dition of  jack  mackerel  oil  also  suggests  that  a  significant  amount 
of  added  fish  oil  is  passing  into  the  feces  undigested.  This  is  further 
supported  by  Uki  et  al.  ( 1985),  who  reported  that  growth  rate  and 
feed  conversion  efficiency  of  H.  discus  hannai  were  maximal  at 
5%  lipid  in  the  diet.  It  seems  that  not  only  are  abalone  feed  for- 
mulators  oversupplying  lipid  in  their  diets  (up  to  6%,  Fleming  et 
al.  1996),  but  this  oversupply  is  affecting  the  utilization  of  other 
nutrients. 

Fleming  et  al.  (1996)  suggested  that  further  investigations  are 
required  to  determine  whether  abalone  lipid  requirements  are  met 
using  added  fish  oils  to  artificial  diets.  Because  many  algae  com- 
iTionly  eaten  by  abalone  contain  very  low  levels  of  lipid,  and 
because  abalone  have  high  levels  of  22:5(n-3)  and  20:4(n-6)  in 
their  muscle  (Dunstan  and  Volkman  1994).  which  is  opposite  to 
most  other  marine  animals,  abalone  may  benefit  little  from  the 
addition  of  fish  oils  to  the  diet.  Furthermore,  the  Japanese  Nihon 
Nosan  Kogyo  K.K.  diet  used  as  a  reference  by  Fleming  et  al. 
(1996),  because  of  its  superior  promotion  of  growth  and  intake, 
contained  the  lowest  level  of  total  lipid  (1.5%)  of  all  12  diets 
reviewed.  Wee  et  al.  (1992)  and  Maguireet  al.  (1993)  also  reported 
that  the  requirement  for  lipid  is  very  low  for  abalone,  and  their 
ability  to  utilize  digested  exogenous  lipid  is  high.  For  these  rea- 
sons, coupled  with  the  negative  effects  of  fish  oil  addition  above 
30  g/kg  observed  in  the  current  experiment,  fish  oil  contained  in 
fish  meal  added  to  manufactured  feeds  may  be  sufficient  to  meet 
the  n-3  fatty  acid  requirements  of  abalone,  and  hence,  additional 
fish  oil  supplementation  may  be  unnecessary. 

Vegetable  oils,  such  as  olive  oil,  used  in  conjunction  with  fish 
oils  bound  in  fish  meal,  may  represent  a  useful  way  to  improve  the 
fatty  acid  profile  of  the  diet,  while  reducing  the  cost  of  diet  manu- 
facture. Uki  et  al.  ( 1986)  demonstrated  a  requirement  for  n-3  and 
n-6  polyunsaturated  fatty  acids  using  a  diet  containing  soybean  oil 
and  pollack  liver  oil  in  the  ratio  3:2,  and  Fleming  et  al.  (1996) 
suggested  that  abalone  feed  formulators  should  attempt  to  match 
the  ratio  of  fatty  acids  in  the  Japanese  Nihon  Nosan  Kogyo  K.K. 
diet,  which  contains  n-3  fatty  acids  at  levels  of  0.3%  in  the  diet 
(i.e.,  20%  of  the  lipid)  and  n-6  fatty  acids  at  levels  of  0.04%  in  the 
diet.  In  the  current  experiment,  inclusion  of  olive  oil  in  diets  at 
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TABLE  5. 

Influence  of  oil  type  and  inclusion  level  on  the  digestible  energy  content  (MJ/kg,  air-dry  basis)  of  manufactured  diets  fed  to  juvenile  greenlip 

abalone  (Haliotis  laevigata}. 


**  p  <  .01. 

***p  <  .001. 

SEM,  standard  error  of  the  mean. 

""^Values  in  a  row  with  different  .superscripts  differ  significantly  (p  <  .05) 


Oil  inclusion  level  ( ''A  ) 

Statistics 

Oil  Type 

0 

3 

6 

9 

p>F 

Linear 

SEM 

Jack  mackerel  oil 
Olive  oil 

12.21" 
12.21" 

12.63" 
12.96" 

13.29"^ 

noo" 

14.36'' 
12.84'' 

*** 

*** 
NS 

0.084 
0.129 

levels  of  30  g/kg  had  no  effect  on  the  digestibility  of  dry  matter.  N, 
gross  energy,  or  amino  acids,  suggesting  no  negative  consequences 
of  adding  this  oil  on  the  digestion  of  other  nutrients.  Diets  con- 
taining 30  g/kg  olive  oil  also  had  a  significantly  higher  digestible 
energy  content,  and  in  the  case  of  olive  oil,  addition  beyond  30 
g/kg  did  not  improve  digestible  energy  content.  Addition  of  low 
levels  of  vegetable  oils,  such  as  olive  oil,  may  be  a  cost-effective 
means  of  supplying  fatty  acids  and  energy  in  abalone  feeds. 

The  digestibility  of  the  majority  of  reported  amino  acids  was 
lower  in  diets  containing  60  g/kg  of  olive  oil  as  compared  to  the 
same  level  of  jack  mackerel  oil.  As  suggested  previously,  this 
difference  may  be  attributable  to  a  higher  level  of  unsaturated  fatty 
acids  in  the  jack  mackerel  oil  as  compared  to  olive  oil,  making  it 
more  digestible  and,  hence,  less  influential  on  the  digestion  of 
other  dietary  nutrients.  Alternatively,  this  difference  inay  be  at- 
tributable to  the  limited  e.xposure  of  these  abalone  to  vegetable 
proteins  and  energy  sources.  The  manufactured  diets  fed  before 
experimentation  were  based  on  fish  oils  only.  Taylor  ( 1994)  dem- 
onstrated that  H.  kamtschatkana  has  a  capacity  for  enzymic  adap- 
tion to  various  lipid  levels  in  manufactured  feeds,  and  Erasmus  et 
al.  (1994)  reported  that  gut  bacteria  play  a  significant  role  in  the 
digestive  tract  of  abalone.  In  this  instance,  the  bacterial  population 
would  need  to  be  significantly  modified  to  digest  vegetable  oils 
adequately,  as  compared  to  fish  oils.  The  fact  that  there  was  no 
difference  between  the  olive  oil  and  jack  mackerel  oil  when  in- 
cluded in  diets  at  90  g/kg,  suggests  that  at  higher  levels,  no  amount 
of  adaption  in  lipase  secretion  or  the  bacterial  population  will 
improve  nutrient  digestion. 


CONCLUSIONS 

Addition  of  marine  or  vegetable  oils  to  manufactured  abalone 
diets  should  be  limited  to  30  g/kg  if  the  digestibility  of  N,  ainino 
acids,  and  gross  energy  is  not  to  be  affected.  Higher  inclusion  of 
oils  will  reduce  the  digestibility  of  these  nutrients  and  is  likely  to 
result  in  significant  reductions  in  the  growth  performance  of  aba- 
lone. 

The  findings  of  the  current  experiment,  coupled  with  a  low 
requirement  for  lipids  by  abalone,  questions  the  need  for  supple- 
mentary marine  oil  in  manufactured  diets,  apart  from  fish  oil  re- 
tained in  fish  meal  that  is  essential  for  the  supply  of  n-3  fatty  acids. 
The  addition  of  vegetable  oils,  such  as  olive  oil  up  to  30  g/kg,  has 
no  negative  effects  on  the  digestion  of  other  nutrients  in  the  diet, 
improves  the  digestible  energy  content,  may  improve  the  balance 
of  n-3  to  n-6  fatty  acids,  and  could  represent  one  mechanism  to 
reduce  the  cost  of  abalone  diets.  Further  research  is  required  to 
define  the  performance  of  abalone  fed  manufactured  diets  contain- 
ing reduced  levels  of  supplementary  marine  oil  and  mixtures  of 
marine  oils  and  vegetable  oils. 
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.ABSTRACT  Growth  rates  of  Haliolis  luberciilata  were  evaluated  at  three  different  temperatures  ( 15.  18.  and  22°C)  when  provided 
two  artificial  diets  (fish  meal  and  casein  meal).  Juveniles  fed  the  fish  meal  diet  and  cultured  at  22°C  produced  higher  growth  rates  on 
shell  length  and  body  weight  (134.81  jjim  day"'  and  3.205  p.g  day"'),  respecfively.  In  addition,  the  soft  tissue  weight/shell  weight  ratio 
was  found  to  be  the  highest  in  these  juveniles.  No  differences  in  proportions  of  crude  protein,  crude  lipids,  and  moisture  content  were 
found  between  diets.  Survival  of  juveniles  during  the  feeding  trial  was  not  affected  by  the  dietary  treatments.  The  feed  conversion  ratio 
did  differ  significanth  between  low  (15'C)  and  highest  (18  and  22°C)  temperatures. 

KEY  WORDS:     abalone.  temperature,  artificial  diets,  growth.  Haliolis  tiiherciilara 


INTRODUCTION 

The  ormer  (Haliolis  luberciilata),  the  most  commercially  im- 
portant European  abalone.  is  a  cold-water  specie.  In  the  natural 
environment,  it  grows  slowly,  reaching  a  mean  shell  length  of  4,^ 
mm  in  a  miniinum  of  3  y  (Forster  1967,  Clavier  and  Richard 
1986).  Abalone  stocks  have  been  declining  around  the  world  with 
a  concomitant  increase  in  the  price  of  this  important  delicacy. 
Previous  works  have  examined  the  culture  of  the  ormer  in  Europe 
(Koike  et  al.  1979,  Hayashi  1980,  Hayashi  1982,  Culley  1981, 
CuUey  and  Peck  1981,  La  Touche  et  al.  1993.  Mgaya  and  Mercer 
1994,  Mgaya  and  Mercer  1995).  To  date,  the  only  published  re- 
search concerning  nutritional  requirements  of  H.  liiberciilala  has 
been  conducted  by  Peck  ( 1989).  using  natural  food,  and  by  Mercer 
et  a],  (1993)  and  Mai  et  al.  (1994,  1995,  and  1996),  using  natural 
and  artificial  food.  However,  recent  research  demonstrated  that  the 
growth  rate  of  H.  tiiherculata  fed  with  the  alga  Uha  sp.  and 
cultured  at  temperatures  above  20°C  was  higher  than  reported  in 
the  literature  (Shpigel  et  al.  1996a.  Shpigel  et  al.  1996b).  The 
economic  viability  of  abalone  aquaculture  depends  on  good 
growth  rates.  In  culture,  feed  conversion  ratio  (FCRl  is  greatly 
influenced  by  factors  such  as  quality  of  feed,  feed  intake,  and 
water  temperature  (Hahn  1989).  In  particular,  temperature  is  the 
most  important  en\ironmental  factor  that  influences  metabolic  rate 
and  energy  expenditure  (Fry  1971 1.  Dixon  ( 1992)  and  Britz  et  al. 
(1997)  have  determined  growth  rates  of  Haliotis  midae  using  ar- 
tificial diets  at  different  temperatures  of  culture.  They  concluded 
that  abalone  growth  increased  significantly  with  temperature.  Ar- 
tificial diets  have  been  evaluated;  they  can  improve  the  growth 
rates  of  juveniles  and  young  adults  (e.g..  Uki  et  al.  1985.  Nie  et  al. 
1986.  Hahn  1989,  Uki  and  Watanabe  1992,  Viana  et  al.  1993, 
Viana  et  al.  1996,  Mai  et  al.  1994,  Mai  et  al.  1995,  Lopez  and 
Viana  1996.  Knaueret  al.  1996).  This  study  was  designed  to  assess 
growth  rates  (length  and  weight  gain),  FCR,  and  soft  tissue 
weight/shell  weight  (Stw/Sw)  ratio  of  abalone  with  two  artificial 
diets  with  different  sources  of  protein  (fish  meal  [FM]  and  casein 


[CA]).  Three  different  temperatures  were  used  in  conjunction  with 
the  diet  treatments. 

MATERIALS  AND  METHODS 

,\halones 

Four-month-old  juveniles  of  W.  tiiberculata  used  m  this  experi- 
ment were  obtained  by  semiartificial  spawning  with  a  gradual 
increase  in  seawater  temperature  at  the  Rocquaine  Shellfish 
Pounds,  in  Guernsey.  Channel  Islands,  at  the  end  of  July  1996. 
Two  months  after  fertilization,  juveniles  were  shipped  (by  air)  to 
the  Southampton  Oceanography  Centre  (within  1  h)  and  placed  in 
the  rearing  system  for  acclimatization.  Two  batches  of  99  animals 
were  randomly  taken  from  a  lot  of  500.  Mean  length  and  weight 
were  3.22  ±  0.81  mm  and  15.98  ±  6.88  mg.  respectively.  During 
acclimatization,  temperature  was  gradually  raised  to  that  used  in 
the  experiments:  15.  18,  and  22°C. 

Preparation  of  Diets 

Formulations  of  the  two  experimental  diets  are  presented  in 
Table  1 .  Diets  were  prepared  with  different  sources  of  protein,  one 
based  on  casein  (CA)  and  the  other  based  on  fish  meal  (FM).  In 
order  to  obtain  the  same  proximate  content  in  the  two  diets,  it  was 
necessary  to  add  to  each  different  percentages  of  ingredients  (FM, 
CA,  com  meal,  and  cod  oil).  Vitamin  and  tnineral  mixtures  were 
formulated  as  recommended  by  Special  Diets  Services  (SDS) 
Company.  England.  All  ingredients  were  individually  ground  with 
a  Waring  blender,  passed  through  a  mesh  with  a  240-ta.m  pore  size, 
and  then  mixed  to  obtain  a  homogeneous  paste.  The  paste  was 
flattened  with  a  kitchen  roller  to  a  thickness  of  1.5-2.0  mm.  Pieces 
of  5  X  5  mm  were  cut  and  stored  at  -20°C  until  required. 

A  dried  seaweed  (Palmaria  palmala:  16.5%  protein)  was  used 
to  feed  the  control  group  of  the  juvenile  abalone.  P.  palmata.  one 
of  the  tnain  diets  of//,  tiiberculata  in  the  natural  environment,  was 
harvested,  dried,  and  stored  in  summer  to  be  used  during  winter 
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TABLE  1. 

Composition  of  two  artiflcial  diets  for  juvenile  abalone 
H.  luberciilala. 


Ingredients 

FM-Based  Diet 

CA-Bascd  Diet 

Fish  meal* 

35 

Casein  meal* 

25 

Seaweed  mealt 

20 

20 

Com  meal+ 

10 

18 

Soybean  meal* 

8 

8 

Cellulose* 

5 

5 

Sodium  alginate* 

g 

8 

Gelatine* 

4 

4 

Vitamins  mix§ 

3 

3 

Minerals  mix§ 

5 

5 

Cod  oil* 

2 

4 

All  ingredients  expressed  as  percent  dry  weight. 

*  Sigma  Chemical  Co.,  United  Kingdom,  P.  pulnuita  from  the  English 
Channel  Islands. 
t  Maseca,  produced  in  Mexico. 

t  Mix  based  on  the  requirements  for  fish  (SDS),  mg/100  g  diet. 
§  Vitamins:  A,  4.9;  B,,  13;  B,,  8;  B^,  18;  B,,,  0.015;  C,  40;  D,  0.30;  E,  5.0; 
H,  0.025;  K,  2.25;  choline  chloride,  15;  PABA,  35;  Folic  acid.  2.75;  Ino- 
sitol, 500.  Minerals;  calcium.  1600;  cobalt.  0.05;  copper,  0.9;  iodine,  0.01; 
ferric  citrate,  60;  potassium,  3.5;  selenium,  0.05;  zinc,  9. 


(December  to  April,  feeding  trial),  when  the  fresh  seaweed  is  not 
available  on  the  coasts  of  the  English  Channel  Islands. 

Proximate  Analysis 

All  analyses  were  carried  out  with  five  replicates  (0.5-1,5  g 
each)  for  composition  of  diets  and  for  samples  of  ormer  (soft  body 
tissue)  at  the  beginning  and  at  the  end  of  the  experimental  period. 
Moisture  content  was  determined  by  weighing  samples  before  and 
after  drying  at  70°C  for  24  h.  Ash  content  was  measured  with  the 
remaining  dried  samples  by  incinerating  at  500°C  in  a  muflle 
furnace  for  8  h.  Crude  protein  content  was  analyzed  by  the 
Kjeldahl  method  for  nitrogen  content  of  the  samples.  The  value 
obtained  was  then  multiplied  by  6.25  to  estimate  crude  protein.  Fat 
content  was  determined  by  a  column  procedure  with  methanol- 
chloroform/water  as  the  eluting  solvent  (Bligh  and  Dyer  1959). 
The  percentage  of  carbohydrate  was  determined  by  the  difference 
where  %  carbohydrate  =  100-  (%  protein  +  <7f  lipid  +  %  ash  +  % 
moisture). 

Experimental  Procedure 

Groups  of  I  I  juveniles  between  2.42  and  4.02  mm  in  length 
and  9.1  and  22.86  nig  in  weight  were  transferred  to  2,000-mL 
plastic  containers.  Three  replicates  per  diet  were  held  in  a  constant 
temperature  bath  (±0.5°C)  at  each  of  the  following  temperatures; 
15,  18,  and  22°C.  Ultraviolet-sterilized,  filtered,  and  heated  sea- 
water  was  changed  every  morning  for  105  days.  Aeration  was 
provided,  and  every  container  was  covered  to  prevent  animals 
from  escaping.  The  light/dark  sequence  was  12  h/12  h.  and  tanks 
were  covered  with  a  4-nim-pore-size  mesh  net  to  reduce  ambient 
light.  Salinity  was  32  ±  3  ppt.  The  experimental  group  was  fed 
every  afternoon,  and  any  uneaten  food  was  collected  the  following 
morning  to  estimate  the  feed  consumed  (Fc)  and  the  FCR.  Growth 


was  measured  monthly  as  gain  in  weight  and  length.  Weights  were 
obtained  with  an  electronic  balance  (to  O.I  mg).  A  light  micro- 
scope with  a  camera  lucida  and  a  digitizing  tablet  was  used  to 
measure  the  shell  length  in  the  smallest  abalone. 

Food  stability  is  defined  as  the  amount  of  dry  matter  lost  in 
seawater.  This  evaluation  was  conducted  at  intervals  through  a 
35-day  period  before  the  experiment,  with  containers  that  did  not 
contain  abalone,  under  the  same  conditions  as  those  of  the  growth 
experiments.  Food  was  collected  after  having  remained  in  the 
aquaria  for  12  h.  The  dry  weight  (samples  dried  at  70°C  for  24  h) 
for  each  trial  (15.  18.  and  22°C)  was  measured. 

The  Fc  was  calculated  in  terms  of  dry  weight  with  the  follow- 
ing Equation  1: 


Fc  =  (GS/lOO)-  R 


(1) 


where  G  is  the  weight  of  food  offered  per  animal  per  day  (in 
milligrams);  S  is  the  percentage  of  food  recovered  indicating  the 
stability  of  the  pellet,  obtaining  a  factor  for  each  diet  and  for  each 
temperature  (from  the  controls  without  abalone);  and  R  is  the 
remaining  food  (in  grams)  after  the  abalone  had  fed. 

The  FCR  was  calculated  in  the  following  manner  (Equation  2): 


FCR  =  FcAV 


(2) 


where  Fc  is  grams  of  food  (dry  basis)  consumed  per  animal  per  day 
and  W  is  grams  of  body  weight  gained  (wet  basis)  per  animal  per 
day.  as  in  Britz  (1996).  At  the  end  of  this  phase.  3  animals  from 
each  replicate  (54  animals  in  total:  9  animals  from  each  tempera- 
ture, from  each  diet)  were  processed  to  find  the  Stw/Sw,  wet  basis. 

Statistical  Analyses 

Data  for  experimental  replicates  were  pooled  because  no  sig- 
nificant differences  were  found  between  them  by  a  one-way  analy- 
sis of  variance  at  a  significance  level  of  p  =  0.05.  In  proximate 
analysis,  a  two-sample  r-test  was  used  to  compare  the  means  for 
diets  and  soft  tissue  of  abalone.  A  two-way  analysis  of  variance 
was  used  in  order  to  compare  the  shell  length  between  diets  and 
temperatures,  followed  by  a  multiple  comparison  of  the  means 
(SNK.  Student-Newman-Keuls  method).  The  same  analysis  was 
performed  for  the  data  on  the  body  weight.  A  one-way  analysis  of 
variance  was  used  to  assess  the  food  stability  between  diets  and 
temperatures,  followed  by  comparison  of  the  means  by  the  SNK 
method.  The  daily  growth  rates  were  analyzed  by  the  Kruskal- 
Wallis  one-way  analysis  of  variance  on  ranks.  All  statistics  were 
calculated  with  the  SigmaSlat  package  (1996), 

TABLE  2. 

Proximate  analysis  of  the  t«o  diets  used  and  soft  tissues  of  ju> enile 
abalone  H.  tuberculata. 


Crude 

Crude 

Carbo- 

Sample 

Protein 

Lipid 

hydrate 

Ash 

Moisture 

FM  did 

31  ((18) 

5.6(0.7) 

21.54(0.7) 

12.1  (0.5) 

29.2(0.9) 

CA  diet 

36(0.7) 

4.9  (0.4) 

19.06(0.82) 

8.1  (0.9) 

31.5(0.8) 

Soft  tissue* 

9.2(0.6) 

2.7(0.5) 

1,46(0.11 

4.8(0.5) 

82.3(0.7) 

Soft  tissuet 

10.7(0.7) 

4.6(0.5) 

2.82  ((.).l) 

6.0(0.5) 

76.7(0.5) 

Data  are  expressed  as  percent  dry  weight.  Standard  errors  are  in  parenthe- 
ses, n  =  3. 

*  Soft  body  tissue  trom  |u\eniles  belore  Ihc  start  of  the  experimental  trial. 
i"  Soft  body  tissue  from  juveniles  at  the  end  of  the  experimental  trial. 
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TABLE  3. 
Survival  (if  the  juveniles  during  the  feeding  trial  as  a  percentage. 


S 

Survival 

Stw/Svv 

Fc 

W 

Diet 

°C 

(%) 

('7f) 

Ratio 

(mg) 

(mg) 

FCR 

CA 

1? 

y?. 4  (0.21 

90 

1.04(0.5) 

0.16(0.01) 

0.08  (0.03) 

3.52 

18 

92(0.3) 

100 

1.77(0.4) 

0.95(0.10) 

0.87  (0.08) 

0,84 

22 

87.2(0.55) 

100 

2.49  (0,2) 

1.57(0.16) 

1.80(0.27) 

0.76 

FM 

15 

97.4(0.75) 

90 

1.1  (0.5) 

0.19(0.01) 

0.12(0.02) 

3.56 

18 

93.5  (0.63) 

100 

1.9(0.2) 

1.32(0.12) 

1.66(0.09) 

0.91 

-»*> 

89.5  (0.85) 

100 

2.6(0,4) 

1.62(0.141 

1.97(0.20) 

0.76 

Average  values  of  Slw/Sw.  Stability  (S)  of  each  diet  (dry  matter  lost  in  seawater  without  ahalones  over  12  h)  is  given  as  a  percentage.  Fc  and  average 
weight  gain  (W)  are  estimated.  FCR  indicated  as  feed  consumed/weight  gain.  Standard  errors  are  m  parentheses. 


RESULTS 

Diets  were  similar  in  crude  protein  (r  =  -10.7.  df  =  8.  p  = 
0.0001 ).  crude  lipid  (;  =  2.05.  df  =  %.p  =  0.0074).  and  moisture 
(,  =  -4.01.  df  =  8.  />  =  0.0039)  content,  whereas  ash  (/  =  9.27. 
(//  =  8.  p  =  0.0001 )  content  was  different  between  diets  (Table  2). 
Analysis  of  the  soft  tissue  of  H.  tuberculata  juveniles  showed  no 
differences  between  samples  for  crude  protein  (/  =  -3.58.  df  =  8. 
p  =  0,0072),  crude  lipid  (t  =  -6.29.  df  =  8.  p  =  0.0002),  and  ash 
content  (r  =  -3.81.  df  =  "&.  p  =  0.0051).  However,  significant 
differences  were  found  for  moisture  (/  =  14.  (//"  =  8.  p  =  0.0001 ) 
content  (Table  2).  The  food  stability  test  indicated  that  a  signifi- 
cantly greater  (f[5.30]  =  184,1;  p  <  0.0001)  mean  dry  matter  loss 
occurred  at  18  and  22°C  compared  with  15°C  for  the  CA  and  FM 
diets,  after  12  h  of  submersion  in  seawater  (Table  3).  Survival  of 
juvenile  H.  tuberculata  during  the  feeding  trial  was  not  affected  by 
dietary  treatment  and  averaged  90%  for  animals  cultured  at  15°C 
and  1(30%  for  animals  cultured  at  18  and  22°C.  The  relationship  of 
Stw/Sw  ratio  is  shown  in  Table  3,  Significantly  greater  differences 
(f[5.12]  =  10,4;  p  =  0.0005)  were  found  between  temperatures 
(15.  18.  and  22°C).  FCR  was  related  to  temperature  (p  <  0.05), 
decreasing  from  3.52  and  3.56  at  15X  to  0.76  and  0.76  at  22°C  for 
the  CA  diet  and  the  FM  diet,  respectively  (Table  3). 

Shell  Growth 

Significant  effects  of  diets  (F[9.946]  =  466. 1 ;  p  <  0.0001 )  and 
temperatures  (F(2.946]  =  407.2;  p  <  0.0001)  were  found  on  the 
shell  length.  During  the  first  month,  the  mean  growth  of  abalone 
was  low  (Fig,  la);  mean  values  were  3,25.  3,62.  and  3.58  inm 
mo"'  fortheCA  diet  and  3.21.  3.78.  and  3,81  mm  mo"'  for  the  FM 
diet  in  abalone  cultured  at  15.  18.  and  22°C.  respectively.  After 
Januan,'.  the  mean  length  increased  markedly;  the  maximum  value 
at  the  end  of  the  4-mo  e.xperiment  was  14,16  mm  for  abalone  on 
the  FM  diet  at  22°C.  about  2,5  times  the  value  for  the  same  diet  at 
15°C  (Fig,  la). 

Body  Weight 

A  two-way  analysis  of  variance  indicated  highly  significant 
effects  of  diets  (f  [9.946]  =  312,3;  p  <  0,0001 )  and  temperatures 
(f  [2,946]  =  485,9;  p  <  0,0001).  During  the  first  month,  mean 
growth  on  both  diets  was  similar  (p  <  0.05;  Fig.  la  and  b).  After 
January,  animals  cultured  at  18  and  22°C  grew  faster  than  did 
animals  cultured  at  15°C  (p  <  0,05).  showing  significant  differ- 
ences between  temperatures  by  April  (p  <  0.05;  Fig.  lb).  By  the 
end  of  the  experimental  trial,  mean  weights  of  the  groups  on  the 


FM  diet  were  173.95  and  222.85  mg  for  18  and  22°C.  respectively. 
For  the  CA  diet,  means  were  131,15  and  203.84  mg  at  the  same 
temperatures.  Juveniles  cultured  at  15°C  on  the  CA  diet  exhibited 
a  significantly  (p  <  0.05)  lower  weight  gain  (0.08  mg  day"')  com- 
pared with  juveniles  cultured  at  18"C(1,I  mgday"')and22°C(l,8 
mg  day"' ).  The  same  tendency  was  observed  for  juveniles  fed  the 
FM  diet.  Mean  length  and  weight  increased  over  time  (Fig,  la  and 
b)  on  both  diets  at  each  of  the  three  temperatures  (15.  18.  and 
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Figure  1.  .Mean  growth  of  H.  tuberculata  provided  during  105  days 
(December  to  April)  with  two  artiricial  diets  (CA  and  FM)  and  cul- 
tured at  15,  18,  and  22  C.  Bars  indicate  standard  errors,  (a)  Shell 
length  means,  (b)  Body  weight  means. 
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TABLE  4. 

Daily  growth  rates  of  juvenile  H.  luberculata  fed  for  105  days  (December  to  April)  on  two  artificial  diets,  FM  and  CA,  and  cultured  at  15, 

18,  and  22°C. 


Growth  Rates 

CA 

FM 

CA 

FM 

Temperature  °C 

Months 

(fim  day"') 

(Jim  day"') 

(pg  day"') 

(pg  day"') 

15° 

January 

0.04  (14.7) 

3.82(12.6) 

-176.6(122) 

-167.5(130) 

February 

29.09(7.1) 

31.60(6.6) 

55.1  (6) 

62.4(59) 

March 

26.32  (6.6) 

36.64(8.5) 

133.5(78) 

211.1  (69) 

April 

39.82  (5.5) 

43.92  (8.9) 

196.4(101) 

223.7  (67) 

18° 

January 

23.69(14.8) 

36.6(14.8) 

-55.4(104) 

-20.4(105) 

February 

48.23(9.1) 

91.44(10.41) 

514.8(52) 

921.4(76) 

March 

80.29  (7.3) 

92.62(15.4) 

1.256.2(121) 

1.721  (175) 

April 

100.6  (9.9) 

118.5(15.9) 

2.103.8  (274) 

2.644(321) 

22° 

January 

29.98  (4.7) 

34.12(14.7) 

13.8(10) 

33.1  (101) 

February 

80.56  (8.5) 

96.39(12.1) 

962 (79) 

1,201.4(95) 

March 

107.5(10,5) 

113.5(15) 

2.436(315) 

2.485(199) 

April 

112(13.3) 

134.81  (19.7) 

2.S54(5I4) 

3.205  (322) 

Standard  errors  in  parentheses 


22°C).  At  the  beginning  of  the  experiment,  the  average  length  and 
weight  of  juvenile  H.  tiibercidata  comprising  experimental  groups 
did  not  differ  significantly  (p  >  0.05;  Fig.  la  and  b).  After  January, 
these  differences  became  significant  (p  <  O.OS)  between  tempera- 
tures, reaching  a  maximum  at  22''C. 

Significant  differences  occurred  between  diets  and  tempera- 
tures on  the  daily  growth  rates  of  the  shell  (Kruskal-Wallis 
method.  //  =  2 1 2.9.  df  =  23.  p  =s  0.0001 )  and  body  weight  {H  = 
442.9,  df  =  23,  p  =s  0.0001 )  on  animals  cultured  at  18  and  22°C 
(Table  4).  The  growth  rates  for  animals  cultured  at  15°C  were  low, 
with  no  growth  in  length  and  loss  of  weight  at  the  beginning  (0.04 
\x.m  day"'  and  -176.6  |xg  day"'),  but  reaching  highest  values  in 
April  (39.82  |jim  day"'  and  196.4  |j.g  day"'),  which  are  still  low 
compared  with  the  other  treatments.  Low  growth  rates  were  found 
consistently  at  low  teinperature  (Table  4). 

The  control  group  of  juveniles  fed  dry  P.  pidmatci.  after  75  days 
of  the  experimental  trial,  reached  up  to  85%  (I5"C).  73%  (18°C). 
and  64%  (22"C)  mortality  in  all  replicates.  Under  those  circum- 
stances, after  the  third  measurement,  this  group  was  removed  from 
the  study. 

DISCUSSION  AND  CONCLUSIONS 

H.  luheixidata  provided  an  FM  diet  (as  a  main  source  of  pro- 
tein) and,  cultured  at  18  and  22°C,  produced  superior  growth  rates 
for  shell  length  and  body  weight  compared  with  juveniles  fed  a  CA 
diet  and  cultured  at  18  and  22°C.  Although  the  CA  diet  contained 
a  slightly  higher  protein  content  than  did  the  FM  diet,  a  signifi- 
cantly greater  growth  rate  was  observed  in  juveniles  fed  the  FM 
diet.  Our  results  differ  from  those  reported  by  Uki  et  al.  (1985). 
who  found  that  a  CA  diet  resulted  in  better  growth  than  an  FM  diet 
in  HaUotis  discus  hannai.  Diet  palatability  is  an  important  consid- 
eration when  formulating  diets  for  aquaculture  species.  Abalone 
show  a  preference  for  certain  ingredients,  resulting  in  better  food 
acceptance  and  consumption  (Harada  1992.  Sakata  and  Ina  1992. 
.Shepherd  and  Steinberg  1992.  Viana  et  al.  1994.  Viana  et  al. 
1996),  However,  the  nutritional  value  of  a  diet  is  of  major  impor- 
tance and  is  implied  by  the  content  of  those  elements  necessary  to 
give  a  proper  balance  between  energy  and  growth.  In  this  study, 
fish  meal  was  more  efficient  than  CA,  resulting  in  better  overall 
growth  rates. 


Water  temperature  is  one  of  the  most  important  environmental 
factors  influencing  metabolic  rate  and  energy  expenditure.  Strict 
comparison  of  our  results  on  the  effects  of  temperature  and  diets 
on  growth  with  data  on  other  species  is  difficult  because  experi- 
mental conditions  vary  widely,  including  environmental  factors 
and  the  initial  sizes  used.  Nevertheless,  growth  rates  of  H.  tuber- 
cidata  have  been  .shown  to  be  much  higher  when  cultured  at  tem- 
peratures between  18  and  22°C  (Peck  1989.  Shpigel  et  al.  1996a. 
Shpigel  et  al.  1996b). 

The  daily  growth  rates  for  animals  cultured  at  15°C  were  low. 
with  no  measurable  length  increase  and  loss  of  weight  at  the  be- 
ginning. Highest  values  for  this  group  occurred  in  April,  which  are 
still  low  compared  with  the  other  treatments.  According  to  several 
authors  (Peck  1989.  Mercer  et  al.  1993.  Mai  et  al.  1995).  H.  tit- 
beixidata  fed  natural,  mixed,  and  formulated  diets,  cultured  at 
temperatures  of  I2-15°C.  produced  acceptable  rates  of  growth  for 
shell  length  and  body  weight.  We  found  low  growth  rates  at  low 
temperature  ( I5°C).  Animals  during  winter  have  lower  food  intake 
rates  and  also  have  reduced  metabolism  and  energy  requireinents. 
Most  of  the  energy  absorbed  sustains  metabolic  needs,  and  any 
deficit  is  drawn  from  its  own  nutrient  reserves  (Widdows  1973). 
Individuals  would  be  expected  to  lose  weight  (Peck  1989). 

From  the  beginning  of  the  experimental  trial,  the  animals  in  the 
control  group  fed  dry  P.  palmata  began  to  lose  weight  with  no 
shell  length  increase.  Mortalities  were  high,  reaching  the  highest 
levels  (up  to  85%)  by  the  third  month.  We  believe  that  the  dry 
seaweed  did  not  supply  adequate  nutrients.  Dried  and  rehydrated 
marine  algae  often  are  not  as  acceptable  and  supportive  of  growth 
as  are  fresh  (living)  plants  (Leighton  pers.  comm.).  We  were  not 
able  to  use  fresh  seaweed  in  this  experiment  because  P.  pcdinata  is 
a  seasonal  species,  disappearing  during  the  coldest  months  of  the 
year.  Indeed.  P.  pabnala  is  one  of  the  major  constituents  of  the 
natural  diet  of  H.  luhcnidata.  which  also  includes  a  variety  of 
delicate  seaweeds,  such  as  Ulvci  liictiua  and  Eineroiiiorpha  iiiics- 
tiiudis,  and  coarser  ones,  such  as  Lciiniiiaria  spp..  Chondnis  cris- 
pi(s.  encrusting  coralline  algae,  and  sessile  diatoms  (Culley  and 
Peck  1981.  Mercer  et  al.  1993).  Combinations  of  these  algal  foods 
should  provide  all  nutrients  necessary  for  maximum  growth. 

It  IS  well  known  that  seaweeds  are,  in  general,  relatively  low  in 
protein  and  lipid  (cf.  Mai  et  al.  1994.  Mai  et  al.  1996).  Hahn  (1989) 
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reported  observations  that  abalone  fed  on  seaweed  supporting 
colonies  of  bryozoa  or  hydroids  grew  faster  than  did  those  led  the 
same  species  without  such  growths.  These  metazoans  could  play 
an  important  role  in  abalone  nutrition,  as  a  supplementary  source 
of  protein  and  lipid.  In  our  control  group,  the  use  of  dried  seaweed 
cleaned  of  all  fouling  organisms  may  have  reduced  its  nutritive 
value  and  contributed  to  its  poor  performance  as  a  food.  The  high 
mortalities  may  be  related  to  bacterial  growth  and  degradation  of 
the  rehsdrated  alga. 

A  mixed  algal  diet  ma>  have  been  more  appropriate  for  our 
study.  Among  other  researchers.  Day  and  Fleming  (1996)  and 
Viana  et  al.  ( 199.'?  and  1996)  found  that  single  species  of  seaweeds, 
provided  as  exclusive  food  items,  did  not  sustain  growth  over 
extended  periods,  failing  to  provide  a  nutritionally  balanced  diet 
and  thus  reflected  in  low  growth  rates  in  Haliotis  rubra  and  Hali- 
oris  fiilgens.  Furthermore,  some  recent  studies  on  artificial  diets 
(e.g.,  Britz  1996.  Britz  et  al.  1997)  have  not  included  a  seaweed- 
fed  control  group.  This  could  be  a  matter  of  choice  after  finding 
low  srowth  rates  and  hieh  mortalities  when  offerins  dried  seaweed 


under  the  same  experimental  conditions  as  maintained  in  feeding 
trials  with  formulated  diets. 

Our  results  clearly  show  a  significant  increase  in  body  and  shell 
growth  rate  at  higher  temperatures.  FCRs  also  iinproved  markedly 
at  higher  temperatures.  The  diet  providing  protein  from  FM  sup- 
ported better  growth  in  H.  liihcrciilaki  than  did  the  CA-based  diet. 
We  would  recommend  that  those  involved  in  culture  of  this  aba- 
lone control  seawater  temperature  to  remain  in  the  range  of  18- 
22°C  and  provide  an  FM-based  artificial  diet. 
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GROWTH  OF  JUVENILE  ABALONE,  HAUOTIS  DISCUS  HANNAI  INO  1953  AND 
HALIOTIS  RVFESCENS  SWAINSON  1822,  FED  WITH  DIFFERENT  DIETS 


D.  CORAZANl  AND  J.  E.  ILLANES 
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CasilUi  117 
Coquimho.  Chile 

ABSTRACT  The  objecti\e  was  to  determine  the  growth  rate  ot  juvenile  Haliolis  discus  liaiinai  (Japane.se  abalone)  and  Haliulis 
rufescens  (red  abalone)  with  four  different  diets:  three  diets  based  on  fresh  algae  (Lessonia  trabeculala.  Macrocystis  integrifoUa  [MA], 
and  Ulva  rigkki)  and  one  artificial  diet  (PE).  The  results  obtained  for  both  species  are  not  comparable  because  the  initial  size  and 
densities  used  were  different.  The  best  growth  rate  for  Japanese  abalone  was  obtained  with  the  artificial  diet  (PE),  0.24  and  0.82  %/day. 
and  for  red  abalone.  it  was  obtained  with  algae  (MA),  0.15  and  0.57  %/day,  for  the  length  and  weight,  respectively.  Factors  affecting 
abalone  growth  are  discussed  with  special  reference  to  those  factors  influencing  the  rate  of  ingestion  and  the  use  of  the  diets. 

KEY  WORDS:     HhIidUs  discus  luiniuii.  Hcilioris  rufescens.  feeding  and  nutrition,  molluscs,  diets,  growth 


INTRODUCTION 

Juvenile  abalone  start  feeding  on  algae  at  about  10  mm  in  size. 
and  tlie_\  can  consume  5-3090  of  their  body  weight  per  day  (Hahn 
1989,  Uki  and  Watanabe  1989).  This  high  feeding  rate  is  due  to  the 
high  content  of  water  and  relatively  low  content  of  protein  in  the 
algae.  Thus,  the  abalone  require  large  amounts  of  fresh  algae, 
mainly  laminarian  algae.  These  algae  are  expensive  because  of 
their  extensive  use  in  the  production  of  alginates  and  other  com- 
pounds widely  used  in  industry.  The  use  of  these  algae  becomes 
one  of  the  bottlenecks  in  the  cultivation  of  abalone.  For  this  reason, 
it  is  necessary  to  consider  a  reliable  and  inexpensive  supply  of 
fresh  algae  to  maintain  a  commercial  abalone  culture  at  a  reason- 
able cost.  Accordingly,  it  was  decided  to  include  in  the  study  the 
alga  Ulva  sp..  which  has  no  commercial  value  but  is  rich  in  protein 
content  and  is  accepted  by  the  abalone.  The  growth  rate  of  abalone 
fed  with  algal  diets  is  low  and  variable  over  time.  Therefore,  it  was 
decided  to  include  an  artificial  diet  made  of  fish  meal,  which 
contains  protein,  fat,  and  algae  meal  as  an  attractive  element. 

To  establish  the  control  of  feeding  efficiency,  it  was  decided  to 
determine  the  growth  rate  through  measurement  of  the  indices  of 
feeding,  such  as  feed  conversion  (FC)  and  feeding  rate  (FR),  which 
are  very  important  when  cultivating  abalone  commercially.  In  the 
study,  these  indices  were  applied  to  Japanese  abalone  and  red 
abalone  fed  on  four  different  diets,  based  on  three  different  species 
of  algae.  Lessonia  trahecidata.  Macrocystis  integrifoUa.  and  Ulva 
rigida,  and  one  based  on  the  artificial  pellet.  The  alga  L.  tral^ecii- 
lata  was  selected  as  the  control  for  the  other  three  diets,  because 
this  alga  is  commonly  used  to  feed  the  abalone  grown  in  the 
hatchery  of  the  Universidad  Catolica  del  Norte  (UCN)  in  Co- 
quimbo,  Chile. 

MATERIALS  AND  METHODS 

Experimental  Design 

The  study  was  carried  out  at  the  university  between  October 
1995  and  July  1996.  The  data  are  related  to  9  mo  of  study,  con- 
sidering that  the  first  month  was  necessary  to  condition  the  abalone 
to  the  culture  facilities. 

A  total  of  180  juvenile  abalone  were  furnished  by  the  UCN 
hatchery  and  distributed  in  24  culture  baskets:  120  Japanese  aba- 
lone in  12  baskets  and  60  red  abalone  in  the  remainint;  12  baskets 


(in  both  cases,  three  replicates  for  four  different  diets).  The  aver- 
age length  of  the  abalone  was  21.06  (±0.04)  and  35.94  mm  (±0.93) 
for  H.  discus  hannai  and  H.  rufescens.  respectively.  Because  of  the 
different  sizes  and  densities  for  each  species  at  the  beginning  of  the 
study,  the  results  for  both  species  are  not  comparable. 

Animal  Rearing 

The  number  of  abalone  for  the  experiment  was  determined  by 
the  availability  of  abalone  at  the  UCN  hatchery  at  the  time  the 
study  was  initiated.  However,  this  amount  was  lower  than  the 
theoretical  number  of  abalone  for  the  available  surfaced  area  in  the 
baskets  (carrying  capacity  was  75  Japanese  and  25  red  abalone  for 
each  basket).  The  baskets  were  submerged  in  a  fiberglass  tank  of 
1.000-L  capacity.  The  baskets  were  labeled  LE  (/..  trabeculata) 
UL  (U-  rigida),  MA  (M.  integifolia)  and  PE  (artificial  diet). 

The  water  flow  rate  in  the  tank  was  20  L/min  of  seawater. 
filtered  to  60  p-m.  with  a  water  change  rate  greater  than  once  every 
hour.  Constant  aeration  and  flow  provided  more  than  7  mL  of 
0,/L.  a  level  recommended  by  Uki  and  Kikuchi  ( 1975)  based  on 
the  weight  of  the  animals  and  the  average  temperature  of  the 
seawater. 

Sampling  Methods 

Measureinents  of  length,  width,  and  weight  were  taken  monthly 
on  each  individual  abalone.  Growth  rate  of  abalone  larger  than  2 
cm  in  length  of  shell  was  slow  ( 1-2  mm/mo),  and  we  wished  not 
to  expose  the  animals  to  more  frequent  handling  (measuring). 

Growth  Measurements 

Weight,  width,  and  length  were  recorded  once  per  month  to 
obtain  the  growth  rate  per  day.  With  this  data,  the  specific  growth 
rate  (SGR)  in  length  and  weight  was  determined  with  the  formulae 
described  by  Martinez  (1987)  and  Mai  et  al.  (1995): 


SGR(%/day)=  100  x- 


SGR(%/day)=  100  x- 


(In(Wf)-ln(Wi)) 
days 

ln(Lf)-ln(Li)) 


days 


where  Wi  and  Li  are  the  initial  weight  and  length,  respectively,  and 
Wf  and  Lf  are  the  final  weight  and  length  of  the  abalone,  respec- 
tively. 
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Food  Consumption 

Every  week,  the  wet  weight  of  food  supplied  to  each  basket  was 
recorded,  and  the  iinconsunied  food  was  removed  from  the  baskets 
and  also  recorded.  The  experimental  feeding  protocol  was  given 
separately  for  each  diet  to  three  replicate  groups  in  separate  bas- 
kets containing  10  Japanese  abalone  and  5  red  abalone  (3  repli- 
cates X  4  diets  =12x2  species  of  abalone  =  24  baskets).  The 
abalone  were  fed  ad  libitum  with  50  g  of  algae  (an  amount  much 
higher  than  the  real  needs  of  the  abalone)  of  the  three  different 
species.  The  algae  were  placed  in  each  basket  once  each  week  and 
10  g  of  pellets  were  placed  twice  each  week.  The  pellets  contained 
42.1%  carbohydrates,  36%  protein,  5.7%  ash,  5%  fat,  1.2%  crude 
fiber,  and  10%  water  containing  1,490  kJ/lOO  g  of  energy. 

The  algae  used  as  food  were  harvested  weekly  to  ensure  fresh- 
ness. A  control  basket  divided  in  three  sections  was  included  in  the 
experiment  (without  abalone)  in  which  50  g  of  the  three  different 
species  of  algae  was  placed  weekly  to  determine  the  variation  in 
weight.  These  algae  were  placed  in  and  removed  from  the  control 
basket  at  the  same  time  as  the  regular  feeding  schedule.  To  esti- 
mate the  FC  and  the  FR,  the  equation  used  was  as  described  in 
Grenier  and  Takekawa  (1992),  including  some  modifications  by 
the  authors,  in  accordance  with  the  preliminary  experimental  re- 
sults dp). 


FC: 


FR: 


FC  = 


W, 


FR(%/day): 


(F, - 


100 


t  *  w 


Food  consumption  (AC):     AC  =  [F,  -  (F,  -  I,,)] 

where  F,  =  initial  food  weight  (g),  F,  =  final  food  weight  (g),  Ip 
=  weight  gain  of  algae  due  mainly  to  water  absorption,  t  = 
number  of  days,  w  =  mean  abalone  weight  (g),  W,  =  weight 
ingested  by  the  abalone  (g),  and  W^  =  weight  gain  by  the  abalone 

(g)- 

STATISTICAL  ANALYSIS 

Data  from  each  different  treatment  were  analyzed  by  a  one-way 
analysis  of  variance  (ANOVA)  test  and  Tukey  test  to  determine 
differences  of  means.  Statistical  analysis  was  performed  with  the 
software  Statgraphics  6.0*. 

RESULTS 


the  abalone  for  each  diet  was  not  observed  (p  <  0.05).  After  4  mo, 
the  differences  increased  and  were  significant,  specifically  in  the 
diets  with  the  best  results:  PE  and  UL  for  Japanese  abalone  and  PE 
and  MA  for  red  abalone.  This  could  indicate  that,  during  this 
period,  the  abalone  adapted  physiologically  to  a  diet  change. 

The  growth  in  length  and  weight  for  each  diet  is  significant 
over  time  (p  <  0.00001).  The  best  growth  in  length,  width,  and 
weight  for  Japanese  abalone  was  obtained  with  PE  and  UL.  and  for 
red  abalone,  the  best  growth  was  obtained  with  MA  and  PE  (Ta- 
ble 1 ). 

.SGR 

The  ANOVA  showed  that  there  was  not  a  significant  difference 
in  mean  SGR  for  any  of  the  replicate  diets,  for  both  species 
(ANOVA,  p  >  0.05).  Applying  the  Tukey  test  to  SGR  (Tukey  test 
p  <  0.05)  for  the  Japanese  abalone,  the  existence  of  a  significant 
difference  in  means  was  shown  between  the  SGR  of  the  abalone 
fed  with  the  diets,  with  the  exception  of  the  juveniles  fed  with  LE 
and  MA.  For  red  abalone,  the  same  analysis  revealed  that,  in 
general,  there  was  not  a  significant  difference  in  mean  SGR  for  the 
different  diets,  except  between  LE  and  MA  and  MA  and  UL 
(Fig.  1). 

Food  Utilization  Indices 

The  average  FR  expressed  as  percentage  of  body  weight  per 
day  for  the  Japanese  abalone  fed  with  LE  was  10.14  (±5.55):  with 
MA,  it  was  15.84  (±8.15),  and  with  UL,  it  was  9.84  (±7.24)  (Fig. 
2).  The  ANOVA  indicated  that  there  was  no  significant  difference 
between  the  FRs  on  LE  and  UL. 

The  average  FR  (%)  for  red  abalone  for  the  different  algae  (LE, 
MA.  UL)  was  2.78  (±1.19),  4.26  (±2.30),  and  2.48  (±1.42),  re- 
spectively (Fig.  3).  An  ANOVA  was  performed  and  revealed  that 
there  were  significant  differences  among  the  diets  for  the  feeding 
rate  of  red  abalone  (p  =  0.00001). 

The  ANOVA  for  Japanese  abalone  revealed  that  there  were  no 
significant  differences  (p  =  0.1381)  between  the  conversion  ratios 
for  the  different  diets  (Fig.  4).  In  the  case  of  the  red  abalone, 
negative  values  were  not  observed  (Fig.  5).  Applying  the  ANOVA 
to  the  factors  of  diet  and  temperature,  no  significant  differences 
were  revealed  between  the  FC  of  the  LE  and  UL  diets  (diets,  p  = 
0.0389;  temperature,  p  =  0.0315:  interaction,  p  =  0.0110). 

DISCUSSION 


Growth  of  Abalone 

At  the  beginning  of  the  experiment  (approximately  the  first  4 
mo),  a  significant  difference  between  mean  length  and  weight  of 


Abalone  Growth  Performance 

For  the  Japanese  abalone,  the  best  growth  in  length,  w  idth.  and 
weight  was  obtained  with  the  artificial  diet  (PE),  having  an  average 


TABLE  \. 
Growth  of  juveniles  ol'  //.  discus  hanniii  and  //.  nifcscens  fed  with  four  different  diets. 


//.  discus  hannai 


H.  rufescens 


Diet 

N 

y^ 

I2 

W, 

W, 

N 

I>, 

1-2 

w, 

W, 

LE 

30 

21.12  ±0.87 

9.S7 

1.02  +  0.14 

2.47 

13 

34.5 1  +  1 .05 

II. 1 

5.91  +0.39 

8.26 

MA 

30 

2 1 .03  ±  0.69 

y.7X 

I,07±0.(i4 

2.3S 

1.5 

33.70  ±  0.94 

15.02 

5.47  ±  0.46 

14.30 

UL 

30 

21.07  ±0.73 

13.59 

l.()X±0.47 

4.09 

1.5 

.34.88  ±  0.86 

6.28 

5.83  ±  0.97 

5.01 

PE 

30 

21.03  ±  1.01 

16.73 

l.03±0.KS 

6,31 

15 

35.94+  1.44 

1 2.09 

6.65  +  0.92 

13.74 

L,.  Inilial  length  (mm);  L,.  length  gam  (mm);  \V,,  imliiil  weigh!  (g);  W,.  weight  gain  (g). 
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Figure  3.  Mean  FR  calculated  for  juvenile  red  abalone  in  relation  to 
the  mean  monthly  temperature. 


B 


1 

0.9 

0.6 

^    0.7 

a    0.6 

5  0.5  ^ 

C.  o.< 

K    0.3 

0 


LE  PE 

Diets 


■  Length 


Dweight 


Figure  1.  SGR  for  H.  discus  hannai  (A)  and  H.  rufescens  (B)  fed  with 
four  types  of  diets.  Each  bar  represents  the  average  of  three  replicates 
with  standard  deviations.  The  bars  sharing  the  same  number  are  not 
different  significantly. 

growth  rate  24'7f  higher  than  that  obtained  with  natural  diets  (al- 
gae). This  is  in  accordance  with  the  findings  made  by  Hahn  ( 1989). 
who  stated  that  the  growth  of  juveniles  fed  with  artificial  diets  is 
usually  higher,  because  these  formulations  contain  the  appropriate 
concentration  of  each  of  the  necessary  elements  (basic  food  stuffs, 
vitamins,  and  minerals!  for  the  abalone. 

For  the  Japanese  abalone.  the  growth  obtained  with  the  three 
natural  diets  in  length,  width,  and  weight  was  best  with  UL,  with 
a  growth  rate  of  0.69'7c/day.  This  result  is  in  agreement  with  those 
obtained  by  Uki  and  Watanabe  (1986)  and  Uki  and  Watanabe 
(1991),  who  described  a  growth  rate  for  H.  discus  lianiuii  fed  with 
Ulva  sp.  of  O.Tl'/r/day.  Although  the  SGR  in  length  of  the  abalone 
fed  with  LE  is  similar  to  the  SGR  of  the  abalone  fed  with  UL,  it 
is  important  to  mention  that  color,  calcification,  and  thickness  of 
the  shell  were  better  in  the  abalone  fed  with  UL.  This  could  be 
related  to  the  high  percentage  of  protein  and  carbohydrates  present 


in  UL  compared  with  that  in  the  other  two  species  of  algae.  Ulva 
sp.  contains  27%  more  protein  and  1 00%  more  carbohydrate  than 
do  Lessonia  sp.  Mai  et  al.  ( 1995)  conducted  a  comparative  study  of 
nutrition  in  two  species  of  abalone  (Haliolis  tidwrciilata  and  H. 
discus  hannai)  examining  growth  for  several  levels  of  lipids  in  the 
diet.  They  found  poor  growth  rate  for  juveniles  of  H.  discus  hannai 
with  a  diet  containing  a  higher  percentage  of  lipids.  An  earlier 
study  by  Uki  and  Watanabe  ( 1 99 1 )  found  reduced  growth  when 
lipids  were  greater  than  5%  of  their  artificial  diet. 

The  results  of  growth  obtained  in  the  red  abalone  are  in  agree- 
ment with  those  of  others.  Owen  et  al.  (1984)  noted  that  the  best 
results  were  obtained  with  diets  based  on  the  alga  MA,  in  com- 
parison with  other  local  algae  like  L.  flavicans.  L.  nigrescens,  and 
diets  of  diatoms  (microalgae).  Furthermore,  the  diet  with  MA  sur- 
passed the  SGR  of  the  abalone  fed  with  an  artificial  diet,  10  and 
21%  in  length  and  weight,  respectively.  The  lowest  growth  in 
length,  width,  and  weight  of  the  red  abalone  in  this  study  was 
obtained  with  UL,  which  in  spite  of  its  leafy  morphology  (abun- 
dant frond),  soft  texture,  and  ease  of  grazing  for  the  abalone,  was 
not  a  good  food  source  for  this  species  because  it  was  consistently 
low  in  conversion  and  utilization.  This  was  observed  in  the  SGR 
and  is  in  accordance  with  the  results  obtained  by  Stuart  and  Brown 
( 1994)  for  Haliotis  iris,  who  tested  several  natural  diets,  obtaining 
the  lowest  growth  rate  with  Ulva.  This  alga  supplied  the  red  aba- 
lone with  sufficient  energy  only  for  basal  metabolism  (mainte- 
nance) because  the  growth  rate  was  0. 1%/day,  relatively  similar  to 
that  obtained  in  this  study  of  0.3%/day. 

Food  Utilization  Indices 

Abalone  appear  to  have  erratic  feeding  habits,  sensitive  to  a 
number  of  environmental  and  physiological  influences.  In  this 
study,  the  value  of  FR  for  H.  discus  hannai  was  strongly  associated 
to  the  hardness  or  softness  of  the  laminarin  algae.  L  tiabeculata  is 
more  robust  than  M.  integifolia.  Therefore  it  may  be  more  difficult 
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Figure  2.  Mean  FR  calculated  for  juvenile  Japanese  abalone  in  rela- 
tion to  the  mean  monthly  temperature. 
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Figure  4.  FC  calculated  for  juvenile  .lapanese  abalone  in  relation  to 
the  mean  monthly  temperature. 
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Figure  5.  FC  calculated  for  juvenile  red  abalone  in  relation  to  the 
mean  monthly  temperature. 

to  graze  for  the  juvenile  abalone,  according  to  the  report  of  Shep- 
herd and  Steinberg  (1992)  for  three  species  of  Australian  abalone. 
Shepherd  and  Steinberg  (1992)  identified  three  factors  that  affect 
selection  of  natural  algal  foods  by  abalone:  ( 1 )  the  chemical  me- 
tabolites present  in  the  alga;  (2)  algal  moiphology.  referring  to  the 


toughness  of  the  algae;  and  (3)  nutritive  value  of  the  alga,  relative 
to  its  contribution  to  the  organism  at  its  stage  of  development. 

PRACTICAL  APPLICATIONS 

Referring  to  the  algal  diets  and  the  artificial  diet  used  in  this 
study,  and  to  the  cost  of  feeding  in  abalone  culture,  the  cost  of 
acquisition  and  storage  of  the  algae  must  be  considered.  For  this 
reason,  and  in  accordance  with  the  results  of  this  study,  a  feeding 
plan  for  juvenile  Japanese  abalone  should  be  based  on  a  diet  of 
Ulva  sp.  in  combination  with  an  artificial  diet  (amounting  to 
IVc/day  of  the  weight  of  the  abalone  being  fed).  The  artificial 
component  should  be  considered  as  a  nutritive  supplement  to 
lessen  the  cost  in  food  requirements.  At  the  same  time,  it  is  rec- 
ommended that  a  locally  produced  pellet  be  developed,  mainly  for 
the  juvenile  phase.  This  could  include  Ulva  sp.  meal  as  an  algal 
protein  base  and  attractant  element.  For  the  red  abalone,  a  diet 
based  on  Maciocystis  and  an  artificial  diet  with  the  same  charac- 
teristics mentioned  above  is  recommended. 
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THE  EFFECT  OF  CELLULOSE  ON  THE  GROWTH  AND  CELLULOLYTIC  ACTIVITY  OF 
ABALONE  HALIOTIS  FULGENS  WHEN  USED  AS  AN  INGREDIENT  IN  FORMULATED 

ARTIFICIAL  DIETS 


HUGO  MONJE*  AND  MARIA  TERESA  VIANA^ 

' Facultad  de  Ciencias  Mcuinas 

Universidad  Autonoma  de  Baja  California 

Ensenada  BC  Mexico 
~lnslituto  de  Investigaciones  Oceanoldgicas 

Universidad  Autonoma  de  Baja  California 

PO  Box  453 

22  800  Ensenada,  BC  Mexico 

ABSTR.ACT  This  work  demonstrated  that  when  cellulose  was  substituted  for  sodium  alginate  in  an  artificial  diet,  there  was  no 
significant  change  in  growth  of  juvenile  Haliolis  fulgens.  An  increase  in  cellulolytic  activity  was  observed  in  stomach  fluid  when 
cellulose  was  present  in  the  diet  (19%).  compared  with  a  noncellulose  diet  (3.24  vs.  1.87  U.  respecnvely),  suggesting  enzymic 
adaptation.  Growth  in  length  and  weight  of  abalone  provided  diets  with  and  without  cellulose  was  similar  (p  <  0.05).  The  feed 
conversion  efficiency  ratios  were  higher  for  the  feed  with  cellulose  (1.21  vs.  1.04),  although  differences  were  not  statistically 
significant.  Abalone  fed  the  high-cellulose  diet  had  associated  greater  activity  of  both  cellulase  and  alginase.  The  possible  role  of 
microorganisms  in  the  production  of  carbohydrases  like  alginase  and  cellulase  is  discussed. 

KEY  WORDS:     .'\balone.  nutrition,  cellulose,  cellulases,  digestion 


INTRODICTION 

Artificial  diets  have  been  shown  to  produce  better  growth  rates 
in  juvenile  abalone  than  do  natural  algal  diets  (Uki  et  al.  1985, 
Viana  et  al.  1993a).  Recent  research  on  artificial  diets  for  abalone 
has  focused  on  improvements  in  nutritional  quality  and  stability  in 
seawater  (Gorfine  and  King  1991.  Lopez  and  Viana  1995).  Al- 
though abalone  are  regarded  as  herbivores,  better  growth  has  been 
observed  when  they  are  fed  artificial  diets  compounded  to  appro,\i- 
mate  their  organic  composition  with  a  relatively  high  content  of 
protein  and  carbohydrate  and  a  low  content  of  lipid  and  fiber 
(Fleming  et  al.  1996).  This  finding  is  curious  because  the  abalone 
natural  diet  is  mainly  composed  of  brown  kelps,  which  are  rich  in 
structural  carbohydrates  (fiber)  and  low  in  protein.  Because  kelp 
and  other  macroalgae  comprise  the  bulk  of  the  natural  diet,  abalone 
may  be  expected  to  digest  complex  carbohydrates  such  as  the 
alginates,  laminarin.  and  cellulose.  Several  Japanese  studies  on 
composition  of  artificial  foods  for  abalone  have  yielded  diets  sup- 
porting good  growth  rates  (Fleming  et  al.  1996)  that  contain  high 
amounts  of  sodium  alginate  (Bardach  et  al.  1975,  Hahn  1989). 
Abalone  are  able  to  digest  sodium  alginate  (and  other  salts)  by  the 
enzyme  alginase  (or  algin  depolymerase),  chiefly  in  the  stomach 
(Oshima  1931,  Nakada  and  Sweeny  1967,  Leighton  1968.  Uki  and 
Watanabe  1992).  Interestingly,  Fleming  et  al.  (1996),  in  a  review. 
pointed  out  that  cellulases  reported  for  various  abalone  species 
exhibited  different  levels  of  activity  with  variation  between  species 
and  types  of  cellulose  hydrolyzed.  On  the  contrary,  Uki  et  al. 
(1985)  reported  that  when  cellulose  was  added  as  an  ingredient  in 
the  diet  from  0  to  20%,  a  decrease  in  growth  rate.  FCE.  and  PER 
was  found  with  increasing  cellulose  content,  indicating  that  the 
abalone  could  not  easily  digest  the  substrate  or  that  its  presence 
interfered  with  digestive  function.  Cellulases.  enzymes  that  hydro- 
lyze  cellulose,  are  typically  found  in  specific  bacteria.  Cellulases 
are  not  known  to  be  produced  by  digestive  tissue  in  higher  animals. 
However,  cellulolytic  enzymes  are  reported  either  to  be  existent  as 
endogenous  secretions  or  formed  by  microflora  in  many  mollusks 


(Stone  and  Morton  1958.  Leighton  1968,  Livingstone  and  de 
Zwaan  1983).  Ruminants  depend  on  bacteria  and  protozoa  in  the 
rumen  to  digest  cellulosic  plant  tjber.  and  it  is  known  that  for  these 
mammals,  diet  composition  is  of  importance  to  provide  an  optimal 
environment  in  the  rumen  to  regulate  and  maintain  an  appropriate 
microbial  population,  resulting  in  optimal  enzyme  production. 

Cellulose  is  the  most  widely  distributed  structural  plant 
polysaccharide  and  is  one  of  the  most  abundant  and  chemically 
resistant  of  all  substances  elaborated  by  living  cells  (Gortner 
1950).  Cellulose  is  a  linear  chain  of  100-200  glucose  units  mutu- 
ally joined  by  P-1.  4-linkages.  The  polysaccharides  from  seaweed 
comprise  three  groups:  the  water-soluble  sulfuric  acid  esters  (agar, 
carrageenan  and  fucoidan).  the  water-soluble  reserve  carbohy- 
drates such  as  laminarin.  and  the  alkali-soluble  polyuronides  rep- 
resented by  algin.  Alginic  acid  (C(,HsOf,)r,  is  composed  chiefly  of 
D-mannuronic  acid  units  (and  a  lesser  portion  of  guluronic  acid 
residues)  that  yield  2.3-dimethyl  D-mannuronide  on  methylation 
and  hydrolysis.  The  polymer  is  characterized  by  (i-l.  4-linkages 
that  are  similar  to  the  geometric  pattern  of  cellulose  rather  than 
starch.  Alginic  acid  is  a  principal  carbohydrate  component  of  Mac- 
rocyslis  pyrifera  (Chapman  and  Chapman  1973).  a  common  natu- 
ral food  of  Haliolis  fulgens. 

The  aim  of  this  work  is  to  examine  the  digestibility  of  cellulose 
and.  when  substituted  for  sodium  alginate  in  a  formulated  diet,  its 
effect  on  growth.  Enzyme  activity  in  the  stomach  (alginase  and 
cellulases)  is  compared  between  treatments. 

MATERIALS  AND  METHODS 

Diet  Preparation 

Silage  was  made  as  described  by  Viana  et  al.  ( 1993b).  In  sum- 
mary, chopped  abalone  viscera  was  mixed  with  2.6%  phosphoric 
acid,  2.6%  citric  acid,  and  0. 1  %  sodium  benzoate  as  a  preservative. 
The  mixture  was  blended  to  obtain  a  homogenate  and  left  for  60 
days  in  covered  plastic  buckets.  The  silage  was  neutralized  with 


667 


668 


MONJE  AND  VlANA 


sodium  carbonate  and  calcium  carbonate  (2%  each)  before  diet 
preparation.  The  ingredients  for  both  diets  are  shown  in  Table  1 . 
They  were  based  on  the  constituents  recommended  by  Uki  and 
Watanabe  (1992).  Vitamin  and  mineral  mixtures  were  those  rec- 
ommended by  Hahn  (1989).  Gelatin  was  used  as  the  primary 
binder.  Sodium  alginate  was  needed  in  order  to  bind  the  diet  fully, 
although  in  one  diet,  it  was  used  minimally.  For  Diet  I,  sodium 
alginate  was  used  at  20%  (DA),  and  Diet  II  contained  19%  cellu- 
lose and  1%  sodium  alginate  (DC).  All  ingredients  were  blended 
until  a  completely  homogenized  mixture  was  obtained.  A  suffi- 
cient amount  of  calcium  existed  in  the  mineral  mixture  and  the 
neutralized  acid  silage  to  convert  the  sodium  alginate  to  the  cal- 
cium alginate  gel.  The  diet  was  then  rolled  flat  to  a  thickness  of  2 
mm,  and  pieces  of  2  cm  in  diameter  were  cut  and  frozen  at  -25°C 
until  needed.  The  pieces  of  formulated  diet  were  tested  for  their 
12-h  stability  in  seawater.  This  was  done  routinely  by  leaving  two 
pieces  in  each  control  bucket  without  animals,  one  for  each  diet,  to 
measure  the  daily  weight  loss  (dry  basis)  throughout  the  experi- 
ment. 

Proximate  Analysis 

Percent  dry  weight  was  calculated  from  the  residue  weight  of 
triplicate  samples  (4-6  g)  of  each  diet  after  being  dried  to  constant 
weight  at  100°C.  Total  nitrogen  was  determined  in  triplicate 
samples  analyzed  by  the  Kjeldahl  method  (AOAC  1990).  Crude 
protein  was  calculated  as  %N  x  6.23.  Total  lipid  was  determined 
in  triplicate  samples  (10  g)  by  a  column  procedure  with  methanol- 
chloroform/water  as  the  eluting  solvent  (Bligh  and  Dyer  1959). 

TABLE  1. 

Percent  composition  of  the  artificial  diets  (DA  and  DC)  tested  in  this 
study,  given  as  a  percentage  of  dry  matter. 


HWr  Sodium 

19% 

Alginate 

Cellulose 

Ingredients 

(DA) 

(DC) 

Sodium  alginate* 

20.0 

1.0 

Celluloset 

0.0 

19.0 

Silaget 

30.0 

30.0 

Soybean  nieal§ 

10.0 

10.0 

Corn  meal" 

10.0 

10.0 

Starch  (rice) 

5.0 

5.0 

Kelp  mealf 

9.7 

9.7 

Gelatin# 

6.0 

6.0 

Vitamin  mixture** 

3.0 

3.0 

Mineral  mixture** 

fi.O 

6.0 

Choline  chloride 

0.08 

0.08 

Methionine 

0.2 

0.2 

*  Kelgin  MV,  kindly  supplied  by  Kelco. 
t  Alphacel  purchased  from  ICN. 

i  Abalone  viscera  kindly  supplied  by  the  fishery  cooperative  Emancipa- 
cion,  given  as  dry  matter  basis. 

§  Fifty  percent  protein,  kindly  supplied  hy  the  American  Soybean  Asso- 
ciation. 

"  Maseca,  produced  in  Mexico. 

I  Kindly  supplied  by  CRIP  (Centro  Regional  de  Invesligaciones  Pesqueras, 
Mexico). 

#  Commercial  gelatin  with  50  blooms, 

**  As  recommended  by  Hahn  (1989),  usmg  Stay-C  (Ascorbyl  polyphos- 
phate) from  Roche. 


Carbohydrate  was  found  by  the  difference.  Ash  was  determined 
after  heating  duplicate  samples  (3  g)  of  each  diet  to  600'^C  for  4  h. 

Experimental  Procedure 

Two  hundred  twenty-two  specimens  of  8-mo-old  H.  fiilgens  of 
18.9  mm  (SE  =  0.10)  and  0.9  g  (SE  =  0.02)  in  average  shell 
length  and  weight,  respectively,  were  obtained  from  the  laboratory 
of  Bahia  Tortugas  B.C.S.  The  abalone  were  held  in  running  aerated 
seawater  controlled  at  the  rate  of  300  mL  min''.  Seawater  was 
pumped  from  the  ocean,  filtered,  and  delivered  to  tanks  in  a  flow- 
through  system.  Average  daily  temperature  varied  between  19  and 
23''C  throughout  the  feeding  trials.  Oxygen.  pH,  and  ammonium 
content  were  monitored  (data  not  shown).  Feeding  experiments 
were  conducted  after  2 1  days  of  acclimation  to  laboratory  condi- 
tions. During  this  preliminary  period,  abalone  were  fed  a  common 
artificial  diet  with  10%  sodium  alginate. 

Experimental  animals  were  held  in  20-L  plastic  containers 
(three  replicates  per  treatment)  with  37  abalone  per  container  un- 
der the  same  conditions  described  above.  Diets  were  given  for  12 
h  at  nighttime  (ad  libitum)  every  night.  Each  morning,  remaining 
food  was  carefully  collected  for  drying  and  weighing.  This  was 
done  throughout  the  first  9  wk.  After  that  time,  diets  were  offered 
continuously,  being  changed  every  24  h  until  Week  15.  Algae 
growing  on  the  inside  walls  of  the  containers  were  removed  twice 
a  week  with  a  soft  brush.  Whole-body  weight  was  measured  with 
an  electronic  balance  (±0.001  g).  and  shell  length  was  detemiined 
with  an  electronic  digital  caliper  (±0.03  min)  every  3  wk. 

Specific  growth  rate  (SGR  %  day"')  was  estimated  according 
to  Espe  (1993)  (Equation  1).  When  a  net  weight  loss  occuned.  no 
absolute  values  were  considered  for  Equation  1 ; 

SGR  =  100  {(In  final  weight  -  In  start  weight)  day"'s 

of  experiment)  (1) 

Consumption  (Equation  2)  and  food  conversion  efficiency  ratios 
(Equation  3)  were  estimated  during  the  first  9  wk  of  the  experi- 
ment, as  recommended  by  Uki  and  Watanabe  (1992): 


(GS/inO)  -  R 


(2) 


where  G  represents  the  offered  food.  S  is  the  percent  recovered 
food  from  the  control  buckets,  and  R  is  the  food  reinaining  after 
the  abalone  have  fed. 

FCE  was  calculated  as  follows; 


FCE  =  wet  weight  gain  (g)/dry  weight  of 
food  consumed  (g) 


(3) 


Note;  This  measure  of  food  utilization  is  related  to  conversion 
efficiency,  but  is  in  fact  the  ratio  of  animal  live  or  wet  weight  gain 
to  the  amount  of  dry  diet  consumed.  In  practice,  this  method  is 
more  useful  to  the  cullurist  than  is  knowledge  of  true  conversion 
efficiency  (%). 

Enzyme  Activity 

In  order  to  evaluate  the  effect  of  substitution  of  cellulose  for 
sodium  alginate,  the  enzyme  activity  of  12  representative  abalone 
selected  in  a  random  manner  from  each  treatment  was  analyzed  at 
the  end  of  the  experiment.  Alginase  activity  was  estimated  accord- 
ing to  Mody  and  Chauhan  (1993)  by  incubating  a  mixture  of 
sodium  alginate,  potassium  chloride,  and  stomach  extract.  The 
reaction  was  stopped  after  8  min  of  incubation  at  37°C  by  heating 
the  solution  and  was  measured  in  a  spectrophotometer  at  485  nm 
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after  the  addition  of  a  solution  with  phenol-H,SOj  as  indicator. 
One  unit  of  activity  was  defined  as  the  amount  equi\  alent  to  pro- 
duce 1  jJLg  of  glucose  in  8  min  of  incubation  per  gram  of  \iscera 
(wet  weight). 

Cellulase  acti\it\  was  estimated  according  to  W'orthingtnn 
(1979)  by  incubatnig  a  solution  of  1%  cellulose  with  the  enzyme 
mixture  (stomach  fluid).  .After  2  h  at  37°C.  the  fluid  was  mixed 
with  anthrone-H-,S04  solution  and  percent  transmittance  was  mea- 
sured at  623  nm.  One  unit  of  activity  was  defined  as  the  amount 
required  to  produce  1  mg  of  glucose  after  2  h  of  incubation  at  37°C 
per  gram  of  viscera  (wet  weight). 

Statistical  Analyses 

A  one-way  analysis  of  variance  (ANOVA)  was  used  at  specific 
times  in  the  course  of  the  trials  to  compare  mean  growth  rate  in 
length  (|xm/day)  and  SGR  (SGR  %/day)  among  diet  treatments.  A 
one-way  ANOVA  was  also  used  for  comparisons  of  growth  rate  in 
length  and  SGR  over  time,  followed  by  a  multiple  comparison  of 
the  means  (SNK  =  Student-Newman-Keuls  test).  A  Kruskal- 
Wallis  test,  followed  by  the  nonparametric  Dunn's  multiple  com- 
parisons (Zar  1984).  was  used  when  violations  of  homogeneity  in 
the  data  were  obtained.  The  software  Sigma-Stat  for  Windows 
(Jandel  1994)  was  used  in  the  statistical  analyses. 

RESULTS 

Both  diets  (D.\  and  DC)  were  similar  in  content  of  protein 
(23.1-24.7%).  lipid  (1.3-1.1%).  and  minerals  (17. 1-13.1'*)  (Table 
2)  and  produced  similar  growth  in  length  (p  >  0.005)  at  each 
observation  (Fig.  1).  However.  DC  resulted  in  higher  growth  in 
weight  than  that  observed  for  DA  at  the  end  of  the  experiment  (p 
<  0.005)  (Table  3).  The  growth  rate  in  length  for  both  treatments 
showed  that  growth  was  higher  at  the  beginning  of  the  experiment 
(80  (im/day).  with  values  dropping  as  low  as  30  (im/day  by  Week 
9.  During  this  interval,  feed  was  offered  12  h  a  day.  When  diets 
were  offered  24  h  a  day.  the  growth  rate  increased  to  levels  almost 
as  high  as  those  observed  at  the  beginning  of  the  experiment 
(Table  3).  A  similar  effect  was  reflected  for  total  growth  (Fig.  2) 
and  SGR.  with  high  values  at  the  beginning  of  the  experiment 
(0.909f/day  and  1.01  ^/day  for  DA  and  DC,  respectively),  fol- 
lowed by  a  decrease  until  diets  were  offered  for  24  h.  Then,  the 
SGR  increased  for  both  treatments.  At  the  end  of  the  expenment, 
DC  gave  a  significantly  higher  SGR  of  1 .2<7c/day.  compared  with 
0.80'7f/day  for  DA  (p  =  0.019)  (Table  3).  Stability  (as  dry  matter 
loss  after  12  h  of  immersion  in  seawater)  was  not  significantly 
different  for  both  treatments,  with  35.1  ±  7.0%  for  DC  and  20.1  ± 
3.6%  dry  matter  loss  for  DA. 

Over  the  course  of  the  trials,  food  intake  was  significantly 
higher  for  DA  (average.  1 1.52  mg/day)  compared  with  DC  (7.4 

TABLE  2. 

Proximate  analysis  of  tlie  diets  D.\  and  DC  (20%  sodium  alginate 
and  19%  cellulose,  respectively). 


26 


Component 


DA 

(%) 


DC 

(%) 


Crude  protein* 
Total  lipid* 
Ash* 


23.1 

1.3 

17.1 


24.7 

1.1 

15.1 


C 
0) 

c 
s: 

I 


24  - 


22 


20 


18 


•      DA  diet 
■      DC  diet 
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Figure  1.  Total  growth  in  length  (mm)  of  abalone  fed  on  a  diet  con- 
taining 20%  sodium  alginate  (D.\l  and  19%  cellulose  (DC).  Means  and 
standard  errors  given. 

mg/day)  (p  =  0.003).  However,  the  FCE  ratios  for  both  diets  were 
not  significantly  different  (p  =  0.617:  Table  4).  with  a  higher 
value  of  1.21  for  DC  compared  with  1.04  for  DA. 

Digestive  enzyme  activity  differed  significantly  between  treat- 
ments. Alginase  and  cellulase  activities  were  higher  in  the  groups 
fed  cellulose  (DC);  levels  of  alginases  were  0.04  U  (DA)  and  0.26 
U  (DC),  whereas  levels  of  cellulases  were  1.87  U  (DA)  and  3.24 
U(DC)  (Table  5). 

DISCUSSION 

Although  the  two  diets  supported  similar  growth  during  the 
experiment.  DC  became  significantly  higher  in  SGR  by  the  end  of 
the  experiment.  The  growth  rate  for  both  diets  was  low  at  Week  9 
but  increased  toward  the  end  of  the  experiment  when  feed  was 
offered  for  24  h.  This  behavior  is  similar  to  that  observed  earlier 

TABLE  3. 

Growth  rates  of  juvenile  abalone  fed  for  15  wk  with  feed  containing 
20%  sodium  alginate  (D.\)  and  19%  cellulose  (DC). 


Growth  rale 

No.  of  Weeks 

DA 

DC 

p  Value 

0 
3 

77.1  (0.66) 

73.9(4.64) 

0.528 

|j.m/day 

6 

60.3  (3.96) 

55.4  (0.90) 

0.295 

9 

33.5(3.52) 

45.5(11.8) 

0.384 

12 

44.2  (6.65) 

42.8  (5.84) 

0.882 

15 

61.8(8.11) 

75.3(1.35) 

0.176 

0 
3 

0.97  (0.09) 

1.0 1  (0.05) 

0.683 

SGR* 

6 

0.78  (0.06) 

0.74  (0.02) 

0.660 

%/day 

9 

0.62(0.15) 

0.50(0.15) 

0.618 

12 

0.34(0.15) 

0.37(0.10) 

0.869 

15 

0.80(0.05) 

1.20(0.09) 

0.019 

*  Given  as  dry  matter  basis. 


Standard  errors  are  indicated  in  parentheses. 

*  SGR  =   100  |(ln  final  weight-In  initial  weight)/days  of  expenment) 


670 


MONJE  AND  VlANA 


o 
O 


Weeks 

Figure  2.  Total  growth  in  weight  (g)  of  abalone  fed  on  a  diet  contain- 
ing 20%  sodium  alginate  (DA)  and  19%  cellulose  (DC).  Means  and 
standard  errors  given. 

(Viana  et  al.  1996),  where  abalone  showed  lower  growth  when 
teed  was  collected  daily  from  the  experimental  buckets  after  a  1 2-h 
feeding  period.  That  result  may  in  part  be  due  to  stress  from 
manipulation,  because  when  the  animals  were  no  longer  disturbed 
daily,  an  improved  growth  rate  was  observed.  FCE  was  higher  for 
the  feed  with  cellulose  (1.21  vs.  1.04),  although  the  differences 
between  the  diets  were  not  significant.  A  possible  reason  for  the 
high  variability  could  be  the  broad  range  of  daily  intake  related  to 
differences  in  pellet  stability.  Stability  in  situ  for  Diet  DC,  which 
was  rich  in  cellulose,  was  35.1  ±  7.0%  dry  matter  loss  after  12  h 
of  water  immersion,  compared  with  20.1  ±  3.6%  for  DA. 

In  this  work,  it  was  observed  that  abalone  grew  well  on  an 
artificial  diet  in  which  cellulose  is  the  principal  carbohydrate  in- 
stead of  sodium  alginate.  Likewise,  enzyme  activity  in  the  stomach 
fluids  of  abalone  fed  with  the  DC  diet  containing  \%  sodium 
alginate  and  \9%  cellulose  resulted  in  significantly  greater  con- 
centrations or  activities  of  both  enzymes,  a  result  that  could  be 
regarded  as  a  digestive  advantage.  It  is  suggested  that  cellulose  in 
some  way  stimulates  the  production  of  these  enzymes.  Alginase 
activity  was  relatively  low  in  both  groups  DA  (0.04  U)  and  DC 
(0.26  U)  compared  with  cellulase.  It  is  possible  that  the  low  values 
reflect  the  short  reaction  period  adopted  for  the  assay  of  alginase 
activity.  A  unit  of  alginase  activity  was  defined  as  the  amount 

TABLE  4. 

Food  intake  (mg/day).  FCF,  and  pellet  stability  of  Juvenile  abalone 

fed  for  IS  wk  with  diets  containing  20%  sodium  alginate  (DA)  and 

19%  cellulose  (DC). 


Parameter 


DA 


DC 


p  Value 


Food  intake  (mg/day) 

FCE 

Stability 


11.52(0.96) 
1.04(0.30) 
20.1  (3.6) 


7.54(0.64) 
1.21  (0.15) 
35.1  (7.0) 


0,003 
0.617 
0.074 


TABLE  5. 

Enzyme  activity  of  alginases  and  cellulases  in  the  stomach  of 
juvenile  abalone  H.  fulgeiis  fed  on  DA  and  DC  diets. 


Component 


DA 


DC 


p  Value 


Alginases 
Cellulases 


0.04(0.01) 
l.X7(0.15) 


0.26(0.02) 
3.24(0.31) 


0.001 
0.003 


Standaid  errors  are  indicated  in  parentheses. 


Standard  errors  are  indicated  in  parentheses. 

equivalent  to  produce  I  (xg  of  glucose  in  8  min  of  incubation  per 
gram  of  viscera  (wet  weight),  compared  with  the  interval  used  to 
assess  cellulolytic  activity  (2  h  of  incubation). 

In  several  reports  that  concern  digestive  enzymes  in  marine 
gastropods,  it  is  suggested  that  many  marine  snails,  including  Hali- 
otis,  appear  to  produce  endogenous  cellulases  and  other  polysac- 
charidases  (Stone  and  Morton  1958,  Leighton  1968,  Livingston 
and  de  Zwaan  1983).  Production  of  cellulases  in  these  animals  may 
represent  an  evolutionary  relic  (Agnisola  et  al.  1981 ).  Only  a  few 
repons  consider  the  role  of  bacteria.  Erasmus  (1996)  isolated  bac- 
teria from  the  abalone  digestive  system  with  cellulolytic  activity, 
suggesting  that  those  bacteria  could  be  responsible  for  some  of  the 
cellulose  degradation  observed  in  stomach  tluid. 

Where  present  in  higher  animals,  cellulases  are  found  not  to  be 
produced  endogenously  (Schmidt-Nielsen  1981).  This  would  sug- 
gest that  no  higher  animal,  herbivore  or  omnivore,  could  by  itself 
digest  the  principal  structural  carbohydrate  of  plants,  cellulose.  It 
is  well  known  that  in  ruminant  mammals,  digestion  of  this  material 
is  always  brought  about  through  a  symbiotic  association  between 
the  herbivore  and  microorganisms  contained  in  its  digestive  tract. 
It  is  these  microorganisms  that  are  the  actual  agents  for  digestion 
of  the  cellulose  (Flint  and  Forsberg  1995,  Sauvant  and  van  Milgen 
1995,  Van  Soest  et  al.  1995).  In  fish,  two  herbivorous  species 
(.Kxphorus  spp.)  have  a  pouch-shaped  extension  of  the  intestine 
near  the  rectum  that  contains  large  quantities  of  bacteria.  A  high 
level  of  volatile  fatty  acids  in  the  pouch  indicates  bacterial  fer- 
mentation of  plant  cellulose  (Schmidt-Nielson  1981.  Withers 
1992). 

At  present,  we  are  trying  experimentally  to  clear  the  abalone 
digestive  tract  bacteria  in  order  to  indicate  whether  cellulolytic 
activity  in  H.  fidgens  is  in  part  or  completely  due  to  the  activity  of 
bacteria.  We  have  been  successful  in  isolation  of  certain  bacteria 
with  cellulolytic  activity.  Studies  of  plant  cell  wall  degradation  by 
pure  cultures  of  rumen  microorganisms  have  shown  that  only  cel- 
lulolytic strains  cause  appreciable  degradation.  Noncellulolytic 
bacteria  that  possess  hemicellulase  or  pectina.se  activity  have  been 
considered  to  contribute  to  the  digestion  of  cellulosic  substance, 
mainly  through  their  interactions  with  cellulolytic  species,  suggest- 
ing that  there  may  be  a  synergy  between  dilferent  microorganisms 
in  the  degradation  of  plant  material  at  several  different  levels  (Flint 
and  Forsberg  1995).  Until  now,  such  a  relationship  between  cel- 
lulose and  algin  degradation  has  not  been  studied,  and  it  is  pre- 
mature to  suggest  a  synergism  between  them,  but  the  tact  that,  in 
this  work,  activities  of  both  enzymes  increased  in  the  presence  ot 
cellulose,  indicates  that  there  is  a  possibility  such  synergistic  pro- 
cesses are  present. 

If  abalone  require  microorganisms  to  degrade  the  structural 
carbohydrate  in  the  diet,  it  will  be  very  important  to  provide  a 
proper  feed  that  promotes  appropriate  bacterial  growth  and  thus 
increases  the  FCE.  Studies  of  the  metabolic  products  of  relevant 
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microorganisms  may  advance  our  knowledge  of  abalonc  niilri- 
tional  physiology  and  lead  to  ihe  design  of  more  efficient  artificial 
diets. 
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GROWTH  CHARACTERISTICS  OF  THE  HYBRID  BETWEEN  PINTO  ABALONE,  HALIOTIS 
KAMTSCHATKANA  JONAS,  AND  EZO  ABALONE,  H.  DISCUS  HANNAI  INO,  UNDER  HIGH  AND 
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ABSTRACT  Rearing  experiments  have  been  done  to  compare  growth  rates  in  pinto  abalone.  Hciliotis  kumischaikana  Jonas,  and  ezo 
abalone.  H  discus  hannai  Inc.  The  growth  rate  in  shell  length  of  juvenile  pinto  abalone  was  superior  to  that  of  ezo  abalone  at  water 
temperatures  below  7-C.  However,  the  growth  rate  declined  above  17'-C  and  was  lower  than  that  of  ezo  abalone.  The  hybrid  cross 
between  the  female  of  ezo  abalone  and  the  male  of  pinto  abalone  was  obtained  but  with  low  fertilization  (20%).  The  reciprocal  cross 
was  never  successful.  The  growth  rate  of  the  hybrid  was  superior  to  the  parental  species  below  18°C  and  moderate  between  parental 
species  under  8°C.  Isozymic  analysis  confirmed  that  genetic  hybndization  occurred  in  this  cross,  on  the  basi.s  of  the  results  of 
electropherograms  of  the  hybrid  and  its  parental  species. 
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INTRODUCTION 

Recently,  the  abalone  resource  in  Hokkaido  has  been  decreas- 
ing (Momma  1990).  Artificial  abalone  culture  has  been  carried  out 
in  many  culture  systems.  However,  the  growth  rate  of  abalone  in 
Hokkaido  is  much  lower  than  that  in  Honshu  because  of  the  pre- 
vailing lower  water  temperatures.  An  abalone  strain  that  exhibits 
higher  growth  rate  in  low  water  temperature  is  desired. 

Interspecific  hybrids  of  abalones  have  been  produced  among 
Califomian  species  (Leighton  and  Lewis  1982)  and  among  Japa- 
nese species  (Koike  et  al.  1988,  Hara  1992).  Heterotic  effects  in 
the  hybridization  of  abalones  have  been  reported  on  growth 
(Leighton  and  Lewis  1982,  Koike  et  al.  1988,  Hara  1992)  and 
sui-vival  (Leighton  and  Lewis  1982). 

Possibly,  a  heterotic  effect  in  the  interspecific  hybridization  of 
abalone  would  be  expressed  in  increased  growth  under  low  water 
temperature.  The  hybrid  between  the  pinto  abalone,  Haliotis  ka- 
mtscliatkuna  Jonas,  and  the  ezo  abalone,  Haliotis  discus  hannai 
Inc.  have  been  studied,  and  some  information  has  been  obtained  on 
the  growth  of  the  hybrid  (Momma  1990).  In  this  study,  the  hy- 
bridization between  the  two  species  was  confirmed  genetically  by 
isozymic  analysis,  and  a  comparison  of  daily  growth  was  made  of 
the  juvenile  hybrids  and  parental  species  under  artificial  condi- 
tions. 

MATERIALS  AND  METHODS 

Hybridization  and  Reaiinfi  Experiments 

Adult  pinto  abalone  used  in  this  study  were  collected  at  Sitka, 
southwestern  Alaska.  Ezo  abalone  were  collected  at  Rebun  Island 
and  Okushiri  Island  on  the  west  of  Hokkaido,  Japan.  These  adult 


abalone  were  kept  in  tanks  and  fed  kelp.  Laminaria  japonica 
Areschoug,  after  marking  with  tags  glued  to  their  shells. 

The  juveniles  of  parental  species  and  their  hybrids  were  pro- 
duced at  the  Hokkaido  Institute  of  Mariculture.  There,  spawning 
was  induced  with  ultraviolet-irradiated  seawater  and  heat  shock, 
common  methods  used  in  the  abalone  hatcheries  in  Japan.  The 
sperm  concentration  was  0.5-1  million  cells/mL.  The  juveniles  for 
the  reaiing  experiment  concerning  growth  characteristics  of  paren- 
tal species  were  produced  by  the  mating  of  several  females  and 
males.  The  juveniles  for  the  rearing  experiments  to  study  growth 
characteristics  of  the  hybrids  were  produced  by  pair  mating. 

Young  abalone  were  fed  microalgae  that  grew  on  the  collector 
surface  until  their  shell  length  was  over  8  mm.  After  that,  they 
were  kept  in  a  cage  made  froin  netting  with  a  mesh  opening  size 
of  4  mm  and  fed  an  artificial  pellet.  The  juveniles  that  reached  a 
shell  length  of  about  20  mm  were  selected  for  the  rearing  experi- 
ment. A  tag  with  a  printed  number  was  attached  on  the  shell  with 
a  bond  by  the  method  of  Hara  (1989). 

The  experimental  period  was  37-99  days,  depending  on  the 
temperature  group.  All  groups  or  species  were  kept  in  the  same 
cage  and  fed  the  same  artificial  food  in  sufficient  quantity.  The 
shell  length  was  measured  with  a  digital  caliper  to  0.01  mm.  and 
the  daily  growth  was  calculated  according  to  the  following  for- 
mula: 


fj.m/d  : 


Lt  -  Lo 


•X  1,000 


where  Lo  is  initial  shell  length  (mm),  Lt  is  final  shell  length  (mm), 
and  d  is  the  nuinber  of  days. 
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Water  temperature  was  controlled  at  5,  7,  12,  15.  and  17°C  in 
the  rearing  experiment  for  the  growth  characteristics  of  pinto  aba- 
lone.  The  actual  average  temperatures  were  4.9.  7.4.  12.2.  15.5. 
and  17.2°C.  Similarly,  water  temperature  for  the  rearing  experi- 
ments for  the  hybrid  was  controlled  at  8  and  18°C;  the  actual 
average  temperatures  were  9.3  and  18.6'^C. 

Isozyniic  Analysis 

Pieces  of  foot  muscle  of  parental  species  and  hybrids  were 
excised  and  placed  into  microtubes  (1.5  mL).  These  microtubes 
were  kept  under  -15°C.  The  fluid  extracted  from  the  muscle  with 
thawing  was  used  for  the  isozymic  analysis  by  the  method  of  Fujio 
(1984).  A  total  of  nine  enzymes  were  examined  by  starch  gel 
electrophoresis.  Band  identification  and  nomenclature  of  alleles 
were  followed  as  by  Ikeda  et  al.  (1994). 


RESULTS 

Growth  Characteristics  of  Parental  Species 

Figure  1  shows  the  daily  growth  in  shell  length  for  pinto  aba- 
lone  compared  with  ezo  abalone.  The  average  growth  rate  of  pinto 
abalone  was  46.1  pim/duy  at  I7°C,  76.7  |jLm/day  at  15°C.  71.8 
|jLm/day  at  12°C,  25.1  |xm/day  and  23.0  jjim/day  at  7°C,  and  25.4 
fjim/day  and  14.9  (xm/day  at  5°C.  The  growth  rates  of  ezo  abalone 
under  the  same  temperature  conditions  were  72.0-129.6  |xm/day  at 
I7X.  70.0-106.3  (xm/day  at  15°C.  46.7-80.1  |xm/day  at  12°C. 
4.8-21.9  (jim/day  at  7°C.  and  2.7-12.4  (xm/day  at  5'C. 

The  growth  rate  of  pinto  abalone  was  lower  than  that  of  ezo 
abalone  at  17°C.  The  values  were  almost  the  same  as  for  ezo 
abalone  at  15  and  12^C.  However,  the  growth  rate  of  pinto  abalone 
was  superior  to  that  of  ezo  abalone  at  7°C  and  significantly  higher 
(p  <  0.05,  Dunn's  Multiple  Comparisons  Test)  at  5 'C. 
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Figure  1.  Daily  growth  of  shell  length  in  juvenile  of  ezo  abalone  //.  discus  hannai,  and  pinto  abalone.  H.  kamlschatkana.  at  several  water 
temperatures.  HI,  H.  discus  hannai  collected  from  Rebun;  H2,  H.  discus  hannai  collected  from  Okushiri;  K,  H.  kamlschatkana  collected  from 
Sitka,  AK,  Combination  represents  female  (llrst)  and  male  (last I,  respectively.  For  example,  HIH2  means  the  cro.ss  of  female  H.  discus  hannai 
from  Rebun  and  male  from  Okushiri.  There  are  two  lots  at  5  and  7  t".  The  vertical  bar  indicates  the  standard  error,  .\n  asterisk  indicates  that 
the  means  are  signiflcanti)  different  from  KK  (p  <  0.05,  Dunn's  .Multiple  Comparisons  Test), 
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Figure  2  summarizes  the  results  of  the  rearing  experiment. 
Growth  of  the  pinto  abalone  was  superior  to  that  of  the  ezo  abalone 
at  low  water  temperature.  However,  the  difference  was  less  at 
water  temperatures  above  17''C.  Ma.ximum  growth  rales  were  ob- 
served in  the  range  from  12  to  I3°C. 

Hybridization 

The  fertilization  rate  of  parental  species  and  their  hybrid  was 
examined  2  or  3  h  after  fertilization.  The  hybrid  resulting  from  the 
cross  between  the  female  ezo  abalone  and  the  male  pinto  abalone 
was  obtained.  However,  the  reciprocal  hybrid  cross  was  not  suc- 
cessful. The  fertilization  rate  in  the  homologous  cross  was  higher 
than  809f ;  that  of  the  hybrid  was  only  209^ 

The  hybrid's  shell  color  was  very  similar  to  that  of  ezo  abalone. 
The  hybrid  in  this  case  showed  the  maternal  character  in  shell 
coloration. 


Hybrid 


GPI  H.  discus  hannai     H.d.h.^-'X.H.k.d'  H,  kamtschaUiana 
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Genot\-pe  CC      CC      CC     AC     AC     AC      AB    AB     AE 

Figure  3.  Electropherogram  of  enzyme  GPI-2*  for  ezo  abalone.  H. 
discus  hannai.  pinto  abalone.  H.  kamtschatkana.  and  their  hybrid. 


Electrophoresis 

The  electropherogram  of  several  enzymes  from  the  muscle  of 
parental  species  and  hybrid  individuals  was  used  to  confirm  ge- 
netic hybridization  in  this  cross.  A  total  of  41  juveniles  of  the 
hybrid  between  pinto  abalone  and  ezo  abalone  were  examined  by 
genotypic  analysis  with  the  electropherogram. 

Figure  3  shows  the  electropherogram  of  the  enzyme  glucose 
phosphate  isomerase  (GPI)  for  the  two  species  (not  including  the 
parents  of  these  hybrids)  and  the  hybrid  indi\iduals.  Ezo  abalone 
had  the  allele  C  only.  Pinto  abalone  had  the  alleles  A  and  B  only. 
The  hybrid  had  a  heterotic  combination  of  parental  species,  as  AC. 

Pinto  abalone  samples  possessed  the  alleles  B  and  C  in  AAT*. 
A  and  B  in  GPI-2\  B  in  IDH-1*.  C  in  MDH-1*.  C  in  MDH-2*.  and 
C  in  ME*.  Ezo  abalone  possessed  the  allele  A  in  AAT*.  C  in 
GPI-2*.  A  in  IDH-I*.  A  in  MDH-1*.  B  in  MDH-2*.  and  A  in  ME*. 
Genotypes  of  the  hybrid  had  the  heterotic  alleles  as  AB  and 


AC  in  AAT*.  AC  in  GPI-2*.  AB  in  IDH-I*.  AC  in  MDH-1*.  AB 
and  BC  in  MDH-2*.  and  AC  and  BC  in  ME*,  respectively  (Table 
1). 

Growth  Characteristics  of  the  Hybrid 

In  order  to  examine  the  growth  characteristics  of  the  Fl  hybrid 
at  high  and  low  temperature,  observations  on  the  growth  rate  of  the 
hybrid  were  studied  at  two  water  temperatures.  18  and  8"C.  re- 
spectively. 

Figure  4  shows  the  daily  growth  in  shell  length  for  ezo  abalone, 
pinto  abalone.  and  the  hybrid  at  I8°C.  The  values  for  two  groups 
of  the  hybrid  were  55.6  and  33.4  p.m/day  and  significantly  higher 
than  those  for  the  pinto  abalone  (from  6.5  to  10.9  jjLm/day)(p  < 
0.001 ).  The  growth  rate  of  the  hybrid  also  was  significantly  higher 
than  that  of  the  ezo  abalone  (p  <  0.05).  At  this  relatively  high 
temperature,  the  hybrid  shows  the  tendency  of  higher  growth  com- 
pared with  the  parental  species.  This  result  may  reflect  a  heterotic 
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Figure  2.  Relation  between  the  water  temperature  and  growth  rate  of 
ju\enile  abalone,  H.  discus  hannai  and  H.  kamtschatkana.  KK,  H.  ka- 
mtschatkana; HlHl,  H.  discus  hannai  collected  from  Rebun:  H2H2,  H. 
discus  hannai  collected  from  Okushiri. 


TABLE  1. 

Izosyme  analysis  on  the  hybrid  between  a  female  H.  discus  hannai 
and  a  male  H.  kamtschatkana. 


Locus 


Number  of  Individuals 


Estimated 

Parental 

Genotype      Observed       Expected         x"        Genotype 


Pair  No.  1 

AAT* 

AB 

AC 

GPI-2* 

AC 

IDH-1* 

AB 

MDH-1* 

AC 

MDH-2* 

BC 

ME* 

AC 

BC 

Pair  No.  2 

AAT* 

AC 

GPI-2* 

AC 

IDH-I* 

AB 

MDH-1* 

AC 

MDH-2* 

AB 

BC 

ME* 

AC 

4 
20 
20 
20 
20 
3 
6 


21 
21 
21 
10 
II 
21 


4.5 
4.5 


10.5 
10.5 


1 .333 


1.000 


0.047 


AA 

X  BC 

AA 

xCC 

AA 

X  BB 

AA 

X  CC 

BB 

X  CC 

AB 

X  CC 

AA 

X  CC 

AA 

X  CC 

AA 

xBB 

AA 

xCC 

AB 

X  CC 

AA 

X  CC 
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Figure  4.  Daily  growth  of  shell  length  in  juvenile  ezo  abalone,  H. 
discus  hannai.  pinto  abalone,  H,  kamlsclialkaiia.  and  their  hybrid  at 
18°C.  The  letters  K  and  H  in  pair  name  represent  the  parent's  species 
as  H.  kamlsclialkaiia  and  H.  discus  hannai,  respectively.  The  number 
or  symbol  after  the  letter  represents  the  individual  number  of  females 
and  males.  The  bars  indicate  standard  errors.  ^Significant  difference 
from  H.  kamlsclialkaiia.  **Significant  difference  from  both  parental 
species. 

effect  on  growth  at  high  water  temperature  in  the  case  of  the  Fl 
hybrid  between  the  two  species. 

The  daily  growth  at  8°C  for  the  hybrids  is  shown  in  Figure  5. 
The  growth  rate  of  the  hybrid  ranged  from  1 .7  to  7.2  ixm/day.  The 
values  of  daily  growth  were  from  6.3  (xm/day  to  21.9  p,m/day  in 
the  pinto  abalone  and  were  0.5  to  1.4  (xm/day  in  the  ezo  abalone. 
Therefore,  the  growth  rates  of  the  hybrid  were  intermediate  be- 
tween parental  species  in  all  three  cage  experiments.  Use  of  hy- 
brids could  be  valuable  for  improving  the  growth  compared  with 


native  species  reared  at  low  water  temperatures,  such  as  exist 
seasonally  in  Hokkaido. 

DISCUSSION 

Paul  and  Paul  ( 1981 )  studied  the  growth  of  juvenile  pinto  aba- 
lone at  5.5,  8.5,  11.5.  and  13. 5T  in  tanks.  According  to  their 
results,  shell  growth  of  pinto  abalone  was  inhibited  at  5.5°C  and 
maximum  growth  rates  were  observed  at  13-14°C.  This  tendency 
is  in  agreement  with  the  results  of  this  study.  The  temperature 
range  of  maximum  growth  rates  for  the  pinto  abalone  reported  by 
Paul  and  Paul  (1981)  is  almost  the  same  as  that  of  the  water 
temperature  in  the  summer  season  at  Sitka,  southwestern  Alaska. 

Leighton  and  Lewis  (1982)  suggested  that  sperm  concentration 
should  be  10  limes  greater  than  that  of  homologous  crosses  and 
eggs  must  be  freshly  spawned  to  obtain  the  highest  fertilization 
rates  in  abalone  hybrid  fonnaliim.  The  concentration  of  sperm  used 
ill  this  study  ranged  from  0.5  to  1.0  million  cells/mL.  The  optimal 
sperm  concentration  in  the  fertilization  of  ezo  abalone  is  consid- 
ered to  be  more  than  0.1  million/mL  and  less  than  1.9  million/mL 
(Kikuchi  and  Uki  1974a).  In  that  study,  the  egg  membrane  dis- 
solved in  1.93  million  sperm  cells/mL  and  embryos  showed  ab- 
normal development  at  4.83  million/mL.  Higher  concentrations  of 
sperm  have  a  countereffect  to  the  high  fertilization  rate  by  increas- 
ing the  rate  of  membrane  dissolution  in  the  egg. 

The  eggs  we  used  in  the  hybrid  formation  were  fertilized  I  or 
2  h  after  spawning.  This  time  interval  was  the  same  as  in  the 
fertilization  of  parental  species.  Observations  on  the  duration  of 
fertility  of  spawned  eggs  and  sperm  of  ezo  abalone  done  by  Kiku- 
chi and  Uki  ( 1974b)  demonstrated  that  the  high  fertility  lasts  for 
only  1-3  h  after  spawning  at  normal  temperatures.  It  would  be 
necessary  to  obtain  the  highest  fertilization  rates  in  hybridization 
to  use  freshly  spawned  eggs  (Leighton  and  Lewis  1982). 
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Figure  5.  Daily  growth  of  shell  length  in  the  Juvenile  ezo  abalone,  //.  discus  liiintiai,  pinto  abalone.  //.  kamlsclialkaiia,  and  their  hybrid  at  8  C. 
The  letters  K  and  H  in  a  pair  name  indicate  Ihe  parent's  species  as  //.  kamlscliulkana  and  //.  discus  liannai,  respecti\el\.  The  number  after  the 
letter  represents  the  individual  niunber  of  females  or  males,  fhe  error  bar  indicates  standard  error.  *Significant  difference  from  H.  discus 
luiiiiiai.  ^'Significant  difference  from  hybrid  and  //.  discus  lianuui. 
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A  lol;il  111  1."^  loL'i  Ml  nmc  enzymes  was  examined,  and  dilTcrenl 
alleles  were  observed  between  two  species  in  the  6  loci.  AAT*. 
GPl-2*.  IDH-I*.  MDH-1*.  MDH-2*.  and  ME*  Ikeda  et  al.  (1994) 
examined  the  allele  frequency  of  the  pinto  abalone  and  ezo  abalone 
using  the  electropherogram.  According  to  that  report,  the  allele  C 
in  GPI-2*.  B  in  MDH-I*.  and  A  in  MDH-2'  of  pmto  abalone  were 
observed.  These  were  also  found  in  this  study.  Similarly,  D  in 
GPI-2*  and  B  in  ME*  of  ezo  abalone  were  also  recorded.  Conse- 
quently, all  of  the  estimated  parental  genotype  indicators  corre- 
sponded with  the  observed  genotype  of  the  parental  species  de- 
scribed in  that  report.  The  fact  that  the  hybrid  showed  alleles 
originating  from  both  parental  species  in  some  enzymes  indicates 
that  genetic  hybridization  was  accomplished  in  the  cross  between 
the  female  H.  discus  hamuli  and  the  male  H.  kamtschatkana. 

Juveniles  of  the  hybrid  between  Hiiliotis  nifescens  Swainson 
and  Haliolis  Julgeiis  Philippi  and  also  between  H.  rufcscciis  and 
Hutiolis  sorenseni  Bartsch  displayed  superior  growth.  Siir\ival 
rates  of  the  hybrid  between  H.  nifescens  and  Haliolis  cainii^ata 
Wood  were  higher  than  that  for  H.  cornigata  (Leighton  and  Lewis 
1982).  Similarly.  Koike  et  al.  (1988)  reported  that  daily  feeding 
rates  and  monthly  growth  rates  of  the  hybrid  between  female  Nor- 
dotis  madaka  and  male  Nordolis  gigantea  Gmelin  were  superior  to 
those  of  the  parental  species.  The  growth  rates  of  the  juvenile 
hybrids  between  female  A',  gigantea  and  male  N.  madaka.  female 
N.  gigantea  and  male  Nordolis  discus  discus  Reeve,  and  female  N. 
madaka  and  male  N.  discus  discus  were  higher  than  those  of  their 
respective  paternal  species  (Koike  et  al.  1988).  The  juvenile  hybrid 
between  a  female  ezo  abalone  and  a  male  H.  gigantea  also  showed 
growth  superior  to  that  of  its  parental  species  (Hara  1992). 


.\  hctcrotic  effect  of  hybridization  on  growth  was  observed 
under  high  water  temperature  ( 18  C)  only  in  this  study.  Under  low 
teinperature.  the  heterotic  effect  on  growth  rate  was  not  observed 
in  this  study.  However,  the  value  is  high  compared  with  that  of  ezo 
abalone.  Momma  (1990)  mentioned  that  the  hybrid  observed  in  a 
field  experiment  showed  improved  growth  rate  compared  with  ezo 
abalone  in  cold  water. 

The  shell  color  of  the  hybrid  produced  in  this  study  was  very 
similar  to  that  of  H.  discus  hannai.  Producing  the  reciprocal  hybrid 
will  be  necessary  to  determine  whether  the  shell  color  is  deter- 
mined by  the  maternal  effect  or  if  it  is  a  dominant  effect. 

From  the  results  of  this  study,  a  breeding  strategy  using  hybrids 
will  be  available  for  future  abalone  culture  that  is  especially  ap- 
plicable to  cold  water  areas.  The  traits  showing  heterotic  effects 
would  be  adopted  in  Fl  hybrids,  and  the  traits  intermediate  be- 
tween parents  would  be  useful  for  selective  breeding  material.  We 
are  continuing  the  study  and  will  attempt  to  produce  the  reciprocal 
hybrids  and  also  to  produce  back  cross  individuals  with  the  goal  of 
defining  an  abalone  combination  or  strain  that  will  exhibit  higher 
growth  rates  at  low  water  temperatures. 
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IMAGE  ANALYSIS  APPLIED  TO  ABALONE  STANDING  CROP  ASSESSMENT  IN  AN 

OCEAN-BASED  ABALONE  FARM 


LUIS  IGNACIO  VILCHIS* 

Abiiloues  Cultivados 
Florcstci  1395  Col.  Obrera 
Ensenada.  B.  C.  28830  Mexico 


ABSTRACT  Assessment  of  the  standing  crop  of  abalone  ni  a  large-scale,  ocean-hased  facility  is  often  dillicult.  in  order  to  produce 
a  size-frequency  distribution  that  will  accurately  reflect  the  entire  cultured  population,  many  measurements  are  necessary.  Furthermore, 
animals  from  as  many  holding  pens  as  possible  should  be  sampled.  Together,  these  factors  result  in  time-consuming  and  labor-intensive 
operations.  Typically,  length-frequency  data  are  gathered  by  manually  measuring  animals  with  a  vernier  caliper.  The  use  of  digital 
image  analysis  of  photographed  groups  of  individuals  provides  an  alternative  method  of  sampling  that  reduces  field  efforts  and 
dramatically  increases  potential  sample  sizes.  In  order  to  compare  the  relative  efficacy  of  the  two  methods,  abalone  lengths  were 
obtained  by  (1 )  manual  measurements  with  vernier  calipers  in  the  field  and  (2)  measurements  from  digitized  photographs  of  the  same 
abalone  by  digital  image  analysis.  Ten  direct  comparisons  were  done,  each  with  equal  and  progressively  larger  sample  sizes.  The  mean 
lengths  and  length-frequency  distnbutions  generated  by  the  two  methods  revealed  no  significant  differences,  whereas  the  image 
analysis  method  proved  to  be  markedly  faster  and  more  efficient.  In  addition,  this  method  of  sampling  exposes  abalone  to  less  stress, 
because  time  out  of  the  water  is  minimized.  Sampling  and  measuring  abalone  with  photography  and  image  analysis,  respectively. 
pro\ed  to  be  an  excellent  alternative  of  obtaining  length  measurements  of  abalone  in  an  open-ocean  farm. 

KF.Y  WORDS:     abalone.  open-ocean  aquaculture.  photography,  digital  image  analysis,  stock  assessment,  precision 


INTRODUCTION 

Traditioal  methods  of  obtaining  length  measurements  of  cul- 
tured abalone  become  difficult  when  trying  to  assess  the  standing 
crop  and  growth  rates  of  a  population  that  surpasses  one  million 
organisms.  Large  and  well-distributed  samples  are  needed  to  gen- 
erate precise  estimates  of  parameters  being  measured,  such  as 
length-frequency  distributions  and  modal  length  changes.  How- 
ever, these  types  of  samples  are  difficult  to  obtain.  With  large 
cultures  of  abalone,  the  sampling  process  becomes  time  consuming 
and  labor  intensive.  Time  is  of  the  essence  in  a  growout  operation, 
especially  in  an  ocean-based  one.  where  the  entire  operation  is 
subject  to  weather  conditions  and  the  priority  is  to  keep  the  ani- 
mals fed. 

Photography  and  video  techniques  have  been  previously  ap- 
plied in  marine  ecology  to  try  to  reduce  time  and  effort  in  the  field. 
Photographic  sampling  techniques  have  been  used  to  survey  per- 
cent cover,  community  composition,  spatial  patterns,  recruittnent, 
and  mortality  (e.g.,  Bohnsack  1976,  Wethey  1984,  Sutheriand 
1990,  Foster  et  al.  1991,  Meese  and  Tomich  1992).  Leonard  and 
Clark  (1993)  and  Whorff  and  Griffmg  (1992)  have  used  video 
frames  to  measure  percent  cover  of  organisms,  the  latter  applying 
computer-aided  image  analysis.  Sampling  techniques  such  as  these 
have  yet  to  be  applied  to  abalone  culture.  Photography  and  com- 
puter-aided digital  image  analysis  offer  an  alternative  method  for 
measuring  shell  lengths  of  abalone.  which  can  greatly  reduce  field 
efforts  and  dramatically  increase  the  sample  size  without  increas- 
ing the  time  and  effort  needed  to  obtain  the  sample.  Photography 
is  preferable  to  video  because  the  resolution  obtained  via  photog- 
raphy is  higher  and  the  process  of  analysis  is  faster.  Leonard  and 
Clark  (1993)  concluded  in  their  study  that  lack  of  resolution  was 
the  limiting  factor  in  the  use  of  video  technology  to  analyze  their 
images. 


*Current  address:  Scripps  Institution  of  Oceanography.  Mavile  Life  Re- 
search Group.  9500  Gilman  Drive.  La  Jolla.  CA  92093-0201. 


The  aim  of  this  study  was  to  compare  shell-length  measure- 
ments of  abalone  taken  manually,  with  a  vernier  caliper  (M-VC), 
with  measurements  obtained  with  photography,  by  computer-aided 
digital  image  analysis  (P-DIA).  Results  of  direct  comparisons  of 
tnean  lengths  and  length-frequency  distributions  generated  by  both 
measuring  methods  are  presented.  Furthermore,  the  relative  effi- 
cacy of  measuring  abalone  by  both  methods  serves  to  determine 
and  validate  the  feasibility  of  applying  P-DIA  to  measure  abalone 
in  an  open-ocean  abalone  farm. 

MATERIALS  AND  METHODS 

Abalone  were  sampled  at  the  ocean-based  growout  facility  of 
Abulones  Cultivados.  This  facility  is  located  13  km  west  of 
Ensenada,  Baja  California,  Mexico,  in  the  Todos  Santos  Islands, 
which  mark  the  western  boundary  of  the  bay  that  bears  their  name. 
The  species  of  abalone  cultivated  here  is  red  abalone  Haliotis 
nifescens  Swainson.  The  growout  consists  of  cages  suspended  at 
midwater  from  longlines,  on  the  leeward  side  of  the  islands. 

Sampling  for  this  study  was  conducted  by  bringing  selected 
cages  to  the  surface  with  a  work  raft.  Each  cage  contained  15 
culture  substrates,  corrugated  polyvinylchloride  plates  (hereafter, 
■■plates").  One  plate  from  each  selected  cage  was  chosen  at  ran- 
dom, dislodged,  and  removed  from  the  cage.  Plates  were  60  x  90 
cm  and  had  anywhere  from  50  to  500  abalone  attached  to  each 
side,  depending  on  the  size  and  density  of  the  animals  in  the  cage. 
Selected  plates  were  set  horizontally  on  the  floor  of  the  work  raft 
below  an  apparatus  that  held  a  camera  perpendicular  to  the  plate 
(Fig.  1 ).  This  was  done  to  minimize  the  potential  for  parallax  error 
in  the  photograph.  Before  taking  the  photograph,  a  scale  of  100 
mm  and  a  label  were  set  in  the  middle  of  the  plate,  making  sure 
they  were  lying  flat.  Photographs  were  taken  as  soon  as  possible 
after  removing  the  plates  from  the  cages.  In  a  few  cases,  when  the 
selected  cage  had  abalone  of  lengths  of  less  than  25  mm  and  was 
out  of  food,  the  abalone  on  the  plate  were  clustered  and  attached 
to  each  other.  In  these  cases,  the  plate  was  left  for  several  seconds 
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Figure  1.  Camera-mounting  apparatus. 

in  the  sunlight,  which  caused  the  abaleine  to  disperse  over  the  plate. 
The  photograph  was  then  taken. 

Photographs  were  taken  with  a  Nikon  SS-mm  N70  camera,  with 
a  35-mm  f-3.5  auto  Nikkor  prune  lens,  using  200  ASA  color  film. 
The  camera  was  set  in  automatic  program  mode,  which  focuses  the 
picture  and  sets  the  appropriate  shutter  speed  and  lens  aperture 
automatically  before  taking  the  photograph,  thus  ensuring  high- 
quality  photographs.  .Sunlight  was  blocked  from  the  picture  frame, 
and  an  electronic  Hash  was  used  in  all  photographs  taken,  in  order 
to  avoid  shadows. 

After  photographing  the  plate,  all  of  the  abalone  attached  were 
dislodged  from  the  plate  and  measured  by  M-VC.  Recorded 
manual  measurements  were  then  taken  to  a  computer  laboratory 
and  entered  into  a  computer  spreadsheet.  Photographic  prints  were 
commercially  developed  and  then  digitized  to  PICT  or  TIFF  file 
formats  into  a  computer  with  a  4C  Hewlett  Packard  color  scanner, 
using  the  program  Desk  Scan  II  version  2.2.  While  digitizing,  each 
image  was  given  a  memory  size  of  ?>  megabytes,  which  made  the 
image  of  high  resolution.  The  computer  used  was  a  Macintosh 
Power  PC  7600/132,  with  64  megabytes  of  random  access 
memory,  and  a  Sony  triniton  multiscan  100  sx  high-resolution 
color  monitor.  The  digitized  images  were  analyzed  in  the  computer 
by  digital  image  analysis  with  the  public  domain  program  NIH 
Image  version  1.61.  Images  were  opened  in  the  analyzing  program, 
and  the  scale  of  the  program  was  set  according  to  the  scale  of  the 
actual  image.  Each  abalone  in  the  photograph  was  then  selected 
and  measured  with  the  measuring  tool  of  the  program.  The  length 
measurements  obtained  from  the  images  were  exported  to  a 
spreadsheet  for  statistical  comparison  with  the  manual  measure- 
ments. The  entire  process  was  replicated  10  times,  increasing  in 
each  instance  the  sample  size  and  including  abalone  of  all  sizes. 


The  difference  between  mean  lengths  generated  by  both  mea- 
suring methods  was  determined  by  using  a  two-tailed  r-test. 
Length-frequency  distributions  generated  by  both  measuring  meth- 
ods were  compared  by  a  heterogeneity  x"  analysis.  A  5%  level  of 
significance  was  used  as  a  criterion  for  both  of  the  statistical  tests 
applied.  Length  measurements  gathered  via  M-VC  were  consid- 
ered the  standard  against  which  the  accuracy  of  measurements 
obtained  with  P-DIA  were  compared. 

RESULTS 

Mean  lengths  generated  by  both  sampling  methods  revealed  no 
significant  difference.  All  10  two-tailed  /-tests  had  p  >  0.05  (Table 
1).  Also,  the  10  heterogeneity  x"  analyses  concluded  that  the 
length-frequency  distributions  generated  by  the  M-VC  and  P-DIA 
measuring  methods  were  not  heterogeneous,  with  all  Meter.  x~  P  > 
0.05.  Results  of  heterogeneity  x"  analyses  are  shown  along  with 
corresponding  superimposed  histograms  of  the  length-frequency 
distributions  generated  by  both  methods  in  Figure  2.  In  this  figure, 
it  can  be  observed  how  both  distributions  show  similar  patterns. 
Furthermore,  there  seems  to  be  no  bias  with  respect  to  size  of 
abalone  in  comparison  to  length  measurements  of  M-VC;  the 
length  measurements  of  P-DIA  are  equally  consistent  for  small  and 
large  abalone.  P-DIA  does  not  underestimate  or  overestimate 
lengths. 

DISCUSSION 

From  the  results  of  the  f-tests  and  heterogeneity  x~  analyses,  it 
can  clearly  be  observed  that  both  measuring  methods  produce 
similar  length  measurements.  Given  that  the  length  measurements 
generated  by  both  measuring  methods  are  equivalent,  the  practical 
advantages  of  applying  P-DIA  in  an  open-ocean  abalone  farm  are 
numerous.  Two  very  important  advantages  include  the  speed  and 
ease  with  which  samples  can  be  obtained  and  the  potential  for  very 
large  samples  to  he  processed.  When  sampling  with  photography, 
a  relatively  rapid  procedure,  handling  times  are  decreased  and  time 
in  the  field  is  not  limiting.  Also,  the  number  of  cages  selected  to 
obtain  samples  can  be  increased  dramatically,  thus  reducing  po- 
tential bias  resulting  from  the  selection  of  small  numbers  of  cages. 

In  most  cases,  around  300  abalone  are  attached  to  each  plate  of 
a  cage,  approximately  150  on  each  side.  Each  photograph  can  be 
taken  in  less  than  1  min.  With  two  photographs  taken  by  one 
person,  all  of  these  abalone  can  be  sampled  and  later  measured  in 
the  computer.  In  contrast,  it  would  take  well  over  20  min  for  two 

TABLE  1. 

Exact  probabilities  of  two-tailed  /-tests  and  descriptive  statistics  of 
the  t«()  measuring  methods. 


M-VC 

P-DIA 

Comparison 

Mean 

±SD 

n 

Mean 

±SD 

n 

p  Value 

1 

6.S.76 

5.. 34 

34 

65.98 

5.51 

34 

0.87016 

1 

15.77 

2.98 

56 

15.04 

3.14 

56 

0.21195 

3 

63..W 

5.68 

103 

63.12 

5.92 

103 

0.74009 

4 

58.96 

6.63 

125 

59.f)7 

6.81 

125 

0.90173 

5 

35.45 

6.74 

210 

35.43 

6.62 

210 

0.97438 

6 

45.07 

6.64 

213 

44.57 

7.18 

213 

0.45969 

7 

66.13 

7.29 

450 

65.92 

8.21 

450 

0.68110 

8 

39..54 

7.66 

469 

38.95 

7.20 

469 

0.22822 

9 

44.02 

6.26 

503 

43.60 

6.34 

503 

0.29100 

10 

25.90 

10.69 

505 

26.18 

10.92 

505 

0.68170 
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Figure  2.  Length-frequency  distributions  generated  by  P-DIA  and 
M-VC  methods.  P-DIA  stands  for  photography  and  digital  image 
analysis,  and  M-VC  stands  for  manual  vernier  caliper. 


people  to  manually  measure  the  abalone,  one  taking  measurements 
and  the  other  recording  the  readings  for  future  entrance  into  the 
computer.  Under  normal  conditions,  while  measuring  abalone  with 
M-VC  under  time  restraints,  not  all  of  the  abalone  of  the  selected 
plate  are  measured,  and  the  worker  selects  the  abalone  to  measure, 
increasing  the  chance  of  a  biased  sample. 

Film  development  can  be  done  quickly  by  any  commercial 
developing  center.  Typically,  a  photograph  can  be  digitized  and 
analyzed  in  approximately  10  min.  Images  with  fewer  animals  take 
less  time  to  analyze.  When  analyzing  images,  the  measurements 
obtained  are  directly  exported  to  the  statistical  program  in  which 
the  measurements  will  be  analyzed  and  do  not  need  to  be  reentered 
by  hand  into  the  computer.  Furthermore,  by  sampling  photographi- 
cally, a  permanent  visual  record  of  the  abalone  sample  is  kept. 
Photographs  do  not  need  to  be  digitized  and  analyzed  right  away; 
they  can  be  analyzed  at  leisure  with  the  sample  frozen  in  time. 
Additionally,  the  percent  cover  of  the  abalone  can  also  be  obtained 
with  the  image  analysis  program,  and  the  farmer  can  use  this  as  a 
criterion  of  when  to  lower  the  densities  of  the  cages.  Last,  and  of 
importance  for  the  health  of  the  animals,  abalone  are  left  relatively 
undisturbed  and  are  exposed  to  less  stress  because  the  time  they 
are  kept  out  of  water  is  minimized  and  they  do  not  need  to  be 
detached  for  measurement. 

As  with  all  sampling  techniques.  P-DIA  has  potential  limita- 
tions. Sampling  in  small  quantities  is  expensive.  Large  samples 
need  to  be  taken  in  order  for  the  process  to  be  cost  efficient. 
Although  most  fanning  facilities  already  have  a  computer,  and  the 
cost  of  the  image-analyzing  program  is  insignificant,  photographic 
and  scanning  equipment  need  to  be  obtained.  Last,  abalone  that  are 
heavily  infested  with  the  sabellid  polychaete  pest  known  to  most 
South  Africa  and  California  abalone  farmers  have  begun  to  show 
a  deformed  domed  appearance  because  of  the  pest.  Shell  length 
therefore  is  not  a  good  estimate  of  growth  because  in  these  ani- 
mals, there  is  not  a  linear  extension  of  the  shell. 

With  the  application  of  P-DIA.  larger,  more  representative 
samples  of  the  cultured  population  are  obtained  in  a  much  shorter 
time  period.  Furthermore,  the  amount  of  cages  selected  to  obtain 
samples  is  not  restricted  by  time,  so  the  probability  of  each  abalone 
of  the  cultured  population  being  sampled  is  increased.  A  parameter 
estimated  from  a  large  sample  is  more  precise  than  an  estimate  of 
the  same  parameter  from  a  small  sample,  because  the  standard 
error  will  decrease  as  the  sample  size  increases  (Zar  1996).  This 
large  and  well-distributed  sample  of  the  population  will  generate 
more  precise  estimates  of  the  parameters  of  the  cultured  population 
being  measured  and  will  more  adequately  represent  the  true  cul- 
tured population.  By  using  P-DIA.  the  farmer  will  obtain  robust 
and  precise  estimates  of  length-frequency  distributions,  modal- 
length  change,  mean  lengths,  standing  crop,  and  available  harvest. 

The  results  of  this  study  are  applicable  to  cultures  of  abalone  of 
any  species  grown  in  the  ocean,  which  need  large  sample  sizes  to 
generate  precise  estimates  the  dynamics  of  the  population.  P-DIA 
could  also  be  applied  to  cultures  of  abalone  grown  on  land-based 
facilities  (e.g.,  in  raceways),  with  some  modification  of  the  pho- 
tographic sampling  technique.  Finally,  photographic  or  video- 
sampling  techniques  along  with  computer-aided  digital  image 
analysis  could  also  be  used  to  quantify  and  measure  abalone  in 
other  stages  of  development.  Overall,  applying  P-DIA  to  a  large 
culture  operation  is  a  fast  and  economic  way  of  obtaining  large 
quantities  of  length  measurements  with  numerous  advantages  over 
the  traditional  way  of  measuring  abalone. 
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DONOVAN,  TO  HIGH  AMMONIA,  NITRITE,  AND  LOW  DISSOLVED  OXYGEN 

CONCENTRATIONS  ON  GILL  AND  KIDNEY  STRUCTURE 
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ABSTRACT  After  chronic,  sublethal  bioassays  of  juvenile  greenlip  abalone,  Haliotis  laevigata  Donovan,  to  reagent  ammonia,  nitrite, 
and  low  dissolved  oxygen,  tissue  samples  were  dissected  for  histological  analysis.  Exposure  to  the  highest  ammonia  treatment  (0.188 
mg  of  free  ammonia-nitrogen  ([FAN]L~'))  resulted  in  little  difference  to  the  gills  of  these  abalone,  relative  to  the  controls  (0.006  mg 
of  FAN  L"'),  whereas  at  this  concentration,  the  right  kidney  showed  decreased  tubule  definition  and  enlarged  tubule  lumen.  Exposure 
to  7,8  mg  of  NO,-N  L~',  resulted  in  gill  lamellar  thickening  and  epithelial  lifting  along  with  a  proliferation  of  mucous  cells.  The 
proportion  of  kidney  cell  contents  occupied  by  granules  increased  at  this  nitrite  concentration.  Associated  with  this  change  in  kidney 
structure  was  an  increase  in  basally  located  eosinophilic  cytoplasm.  Gill  mucous  cells  from  abalone  exposed  to  depressed  dissolved 
oxygen  levels  (55'7r  oxygen  saturation)  exhibited  more  intense  stainmg,  mdicative  of  a  change  in  mucous  composition.  Some  necrosis 
of  gill  epithelium  was  evident,  either  as  a  result  of  or  in  association  with  the  occurrence  of  ciliates  (Ancistrocomidae)  between  the  gill 
lamellae.  Right  kidney  tissue  did  not  exhibit  any  obvious  changes  in  relation  to  exposure  to  low  dissolved  oxygen  levels.  Chronic 
exposure  to  slight  oxygen  supersaturation  {11 795-)  caused  no  apparent  effects  on  gill  or  kidney  structure. 

KEY  WORDS:     abalone,  Haliotis  laevigata,  ammonia,  nitnte,  oxygen,  histology 


INTRODUCTION 

The  present  expansion  of  abalone  aquaculture  (Hone  and 
Maguire  1996)  brings  with  it  the  likelihood  of  encountering  sub- 
optimal  water  quality,  especially  where  recirculating  aquaculture 
systems  are  used  (Jirsa  et  al,  1997).  The  culture  of  animals  in 
nonoptimal  environments  may  result  in  deaths,  as  a  direct  result  of 
one  or  more  components  of  the  environment  or  from  infectious 
diseases  activated  indirectly  by  suboptimal  environments,  or  in 
decreased  productivity  (Tomasso  1996). 

The  external  environment  can,  if  suboptimal,  produce  delete- 
rious changes  in  aquatic  animals.  The  overt  signs  of  toxicity  are 
nearly  alvsays  preceded  by  biochemical,  physiological,  and/or 
morphological  changes  in  the  organism  (Meyers  and  Hendricks 
1985).  Often,  the  gills  are  among  the  organs  most  affected  by 
waterbome  pollutants  (Mallat  1985).  because  the  respiratory  sur- 
face provides  an  extensive  interface  with  the  aquatic  environment. 
In  many  fish,  the  kidney  often  forins  a  site  of  histological  changes 
in  response  to  toxicants  (Russo  1985).  Abalone  are  diotocardians, 
possessing  two  kidneys  of  differing  functions.  The  role  of  the  right 
kidney  is  believed  to  be  in  nitrogen  excretion  because  of  the  pres- 
ence of  excretory  vacuoles  (Andrews  1985).  Some  resorption  of 
solutes,  which  is  also  the  main  function  of  the  left  kidney,  is  also 
believed  to  occur,  because  of  the  presence  of  coated  pits  opening 
between  microvilli  (Voltzow  1994),  The  role  of  the  right  kidney  in 
nitrogen  excretion  and  protein  turnover  suggests  a  possible  role 
with  the  toxicants  considered  in  this  study. 

The  purpose  of  this  study  was  to  bring  together  histological 
observations  of  juvenile  greenlip  abalone,  Haliotis  laevigata,  from 
three  chronic,  sublethal  bioassay  studies.  Specifically,  the  effects 


of  sublethal  exposure  for  2-3  mo  to  high  ammonia,  nitrite,  or  low 
dissolved  oxygen  on  gill  and  right  kidney  histological  structure 
were  investigated, 

MATERIALS  AND  METHODS 

Juvenile  greenlip  abalone  were  sampled  after  chronic  sublethal 
exposure  for  58-82  days  to  ammonia  (as  NH4CI)  (Harris  et  al. 
1998).  nitrite  (as  NaNO,)  (Harris  et  al.  1997).  or  low  dissolved 
oxygen  (Harris  et  al.  in  press).  The  experimental  ranges  were 
0.006-0.188  mg,  free  ammonia-nitrogen  (FAN),  L"'  (0.237-9.04 
mg  total  ammonia-nitrogen  L^'),  0.024—7.80  mg  NO2-N  L^'  and 
8.9^.2  mg  of  dissolved  oxygen  L"'  (117-57%  dissolved  oxygen 
saturation). 

Five  abalone  were  sampled  from  two  of  the  triplicate  bioassay 
tanks  for  each  treatment  and  bled,  via  an  incision  in  the  foot,  for 
2-3  min  before  being  dissected  to  remove  the  posterior  portion  of 
the  viscera  containing  the  gills  and  kidney.  This  tissue  was  fixed  in 
phosphate-buffered  formalin  at  room  temperature  (15-18°C)  and 
then  dehydrated  through  a  graded  ethanol  series  to  xylene  in  a 
Tissue-Tek  II  tissue  processor.  Dehydrated  tissue  samples  were 
embedded  in  paraffin  resin  on  a  Shandon  Histocentre  2  and  sec- 
tioned on  a  Microm  MM  340  microtome  at  4  p.m.  Routine  Harris" 
hemotoxylin  and  eosin  staining  was  carried  out  on  all  tissues  pro- 
cessed with  a  Shandon  Linistain  GLX  automatic  tissue  stainer.  All 
sections  were  mounted  in  DPX  and  examined  under  a  light  mi- 
croscope. 

RESULTS 

Exposure  to  the  highest  ammonia  treatment  (0.188  mg  of  FAN 
L~')  resulted  in  little  difference  to  the  gills  of  these  abalone.  rela- 
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tive  to  the  controls  (0.006  mg  of  FAN  L"')  (Fig.  I).  At  this  treat- 
ment level,  however,  the  right  kidney  of  all  sampled  abalone 
showed  less  definition  in  the  tubules,  and  the  lumen  of  the  tubules 
appeared  enlarged  (Fig.  2).  At  0.1 10  mg  of  FAN  L"',  10%  of  the 
sampled  abalone  showed  both  reduced  right  kidney  definition  and 
an  enlarged  lumen,  whereas  20Vf  of  abalone  showed  reduced  right 
kidney  definition  and  20%  of  abalone  e.xhibited  enlarged  right 
kidney  lumen.  Typical  kidney  structure  for  abalone  not  exposed  to 
elevated  levels  of  ammonia  or  nitrite  or  to  low  dissolved  oxygen  is 
shown  in  Figure  3. 

From  exposure  to  7.8  mg  of  NO^-N  L"',  thickening  of  the 
lamellae  and  epithelial  lifting  of  gills  were  evident  in  all  observed 
abalone.  along  with  a  proliferation  of  mucous  cells  at  the  junction 
of  the  lamellae  and  central  gill  axis  (Fig.  4).  Mucous  cells,  com- 
mon at  the  distal  tip  of  the  lamellae,  also  extended  further  toward 
the  base  of  the  lamellae  than  for  other  treatments  and  control 
abalone.  These  mucous  cells  are  evident  both  as  complete  and 
apparently  discharged  cells  with  adhered  mucous,  often  giving  a 
ragged  appearance  to  the  lamellae  and  contributuig  to  the  poor 
brush  border  definition  observed  here  (Fig.  5).  Abalone  exposed  to 
concentrations  less  than  7.8  mg  of  NO^-N  L^'  showed  typical  gill 
structure  including  the  principal  gill  filament  and  lamellar  junction 
(Fig.  6)  and  lamellar  tip  (Fig.  7).  At  4.15  mg  of  NO,-N  L"',  20% 
of  sampled  abalone  showed  thickened  gill  lamellae,  10%  showed 
lifting  of  gill  epithelium,  and  40%  showed  a  proliferation  of  gill 
mucous  cells.  At  the  highest  nitrite  concentration  (7.8  mg  of 
NO,-N  L"'),  the  overall  height  of  the  kidney  tubule  cells  was 
increased.  This  was  due  to  an  increase  in  both  the  amount  of 
pigment  granules  in  the  supranuclear  region  (toward  the  lumen 
surface)  and  the  amount  of  eosinophilic  (protein  rich)  cytoplasm 
located  in  the  subnuclear  region  toward  the  base  membrane  (Fig.  8). 

Gill  mucous  cells  from  abalone  exposed  to  depressed  dissolved 
oxygen  levels  (55%  oxygen  saturation)  exhibited  more  intense 
staining,  indicative  of  a  change  in  the  composition  of  mucous. 
Necrosis  of  gill  epithelium  was  evident  in  all  sampled  abalone  at 
this  dissolved  oxygen  concentration,  either  as  a  result  of  or  in 
association  with  the  occurrence  of  ciliates  (family  Ancistrocomi- 
dae;  D.  Lynn  pers.  comm.)  between  the  gill  lamellae  (Fig.  9), 
observed  in  80%  of  sampled  abalone  at  this  concentration.  At  63% 


Figure  2.  Right  kidney  of  abalone  exposed  to  (1. 18S  m»  of  FAN  L  '. 
Magnitlcation.  x400.  (A)  Enlarged  lumen  of  kidney  tubule. 


of  oxygen  saturation,  necrosis  of  gill  tissue  was  evident  in  20%  of 
sampled  abalone,  whereas  ciliates  were  observed  in  40%  of  the 
abalone.  Right  kidney  tissue  did  not  exhibit  any  obvious  changes 
in  relation  to  exposure  to  low  dissolved  oxygen  levels.  One  treat- 
ment was  maintained  at  1 17%  oxygen  saturation,  and  no  adverse 
effects  on  gill  or  kidney  structure  were  evident. 

DISCUSSION 

Some  effects  of  ammonia  on  the  histological  structure  of  fish 
have  been  documented  (see  Russo  1985),  although  data  for  inver- 
tebrates are  less  common.  FAN  levels  of  0.04-0.4  mg  L~'  have 
been  shown  to  induce  inflammation  and  degeneration  of  gills  and 
kidneys  for  a  variety  of  fish  species  (Russo  and  Thurston  1991). 
The  swollen,  rounded  secondary  lamellae  observed  in  rainbow 
trout  after  long-term  exposure  to  ammonia  (Smart  1976)  were  not 
observed  in  this  study.  However,  among  fish,  the  effects  of  am- 
monia are  varied,  because  not  all  authors  found  hyperplasia  and/or 
other  degenerative  changes  to  the  gill  structure.  Sublethal  ammo- 


Figure  1.  (iills  of  control  ahalone  Inim  aiiiiiionia  l)loassav.  .Magnifi- 
cation, xlUO.  (A)  principal  lllanient:  (lil  gill  lamella:  (C)  distal  tip  of 
gill  lamella. 


I'iuiiic  -V    Ki^lil  kiiliH'\  ol  control  al)aliiiK'  lioni  iiilrilc  l)ioassav.  Mag- 
nillcalion,  x4(M»,  (A)  Kxterior  perimeter  of  normal  kidney  tubule. 
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Figure  4.  Distal  tip  of  gill  lamellae  exposed  to  7.80  nig  of  N(),-N  L"  . 
Magnification,  x4()0.  lAl  Lifting  of  epithelium:  (B)  proliferation  of 
mucous  cells. 


nia  levels  are  also  known  to  cause  histological  changes  in  the 
kidneys  of  many  fish  (Colt  and  Armstrong  1981).  The  observed 
differences  in  cell  definition  indicate  that  external  ammonia  had 
some  effect  on  kidney  structure  in  greenlip  abalone,  even  though 
survival  at  this  concentration  was  under  50%  for  a  minimum  of  58 
days  of  exposure  (Harris  et  al.  1998). 

The  long  term  effects  of  nitrite  on  histological  structure  have 
not  been  well  documented  for  aquatic  invertebrates.  Nitrite  is 
known  to  bioaccumulate  in  gill,  liver,  brain,  and  muscle  tissue  of 
fish  (Margiocco  et  al.  1983)  and  to  increase  susceptibility  to  dis- 
eases (Hanson  and  Grizzle  1985).  Michael  et  al.  (1987)  reported 
gill  hypertrophy  and  hyperplasia  in  Clarias  lazera.  with  some 
degree  of  gill  epithelial  lifting  and  necrosis.  Gill  degeneration, 
observed  in  rainbow  trout  within  3  wks  of  exposure  to  nitrite,  was 
noted  to  disappear  with  increasing  exposure  time  (Wedemeyer  and 
Yasutake  1978).  The  observed  changes  in  number  and  location  of 
mucous  cells  in  greenlip  abalone  gills  suggest  a  hypersecretion  of 


Figure  6.  Junction  of  gill  lamellae  and  principal  filament  of  control 
abalone  from  nitrite  bioassay.  Magnification,  x400. 

mucous  as  a  response  to  chronic  sublethal  nitrite  exposure  at  7.8 
mg  of  NOtN  L"'  for  a  minimum  of  82  days  of  exposure.  Al- 
though these  changes  were  more  evident  than  for  exposure  to 
aminonia,  a  survival  rate  of  73%  indicates  that  these  changes  may 
not  affect  survival  as  much  as  growth  rate  (Hams  et  al.  1997).  The 
observed  increase  in  right  kidney  pigment  and  granule  deposition 
may  be  a  reflection  of  increased  kidney  protein,  and  hence  cell, 
turnover.  Arillo  et  al.  (1984)  hypothesized  that  tissue  hypoxia,  as 
a  result  of  nitrite  exposure,  was  the  contributing  factor  to  acute 
toxicity  for  rainbow  trout.  The  tissue  hypoxia  of  fish  is  mediated 
through  production  of  methemoglobin  from  the  respiratory  pig- 
ment hemoglobin.  Because  this  pigment  does  not  occur  in  abalone, 
not  surprisingly,  the  lesions  seen  with  nitrite  toxicity  differ  from 
those  seen  with  anoxia. 

The  effects  of  low  dissolved  oxygen  on  abalone  in  this  study 
have  some  parallel  in  the  literature.  Histopathological  effects  of 
oxygen  supersaturation  to  the  red  abalone,  Haliotis  riifescens  (El- 
ston  1983,  Elston  and  Lockwood  1983)  included  the  presence  of 


Figure  5.  Junction  of  gill  lainclluL'  and  principal  I'lianRnt  of  abalone 
exposed  to  7.80  mg  of  NOj-N  L"'.  Magnification,  x4(H),  (A)  Complete 
mucous  cell;  (Bl  discharged  mucous  cell  with  adhered  mucous. 


Figure  7.  Distal  tip  of  gill  lamellae  from  control  abalone  from  nitrite 
bioassay.  Magnification,  x400.  (A)  Normal  gill  lamellar  tip  showing 
mucous  cells. 
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Figure  8.  Right  kidney  of  abalone  exposed  to  7.80  mn  ol  N(),-N  I,  '. 
Magnification.  x400.  (Al  Pigment  granules  in  supranuclear  region  of 
kidney  tubule  cell;  (B)  eosinophilic  cytoplasm  in  subnuclear  region  of 
kidney  tubule  cell. 


Figure  '>.  .lunction  of  gill  lamellae  and  principal  Tdament  of  abalone 
exposed  to  559r  oxygen  saturation.  Magnification,  x400.  (Al  Intensely 
stained  gill  mucous  cells;  (B)  necrotic  tissue;  (C)  ciliate  between  gill 
lamellae  (family  Ancistrocomidae). 


gaseous  emboli  in  epipodial.  oral,  and  pedal  tissues.  Elston  (1983) 
reported  the  formation  of  these  emboli  at  150%  oxygen  saturation, 
whereas  at  1 11%  oxygen  saturation,  no  emboli  were  evident  in  the 
abalone  sampled  in  this  study.  Leitman  ( 1992)  reported  increased 
bacterial  counts  from  effluent  water  of  abalone  tanks  at  143% 
oxygen  saturation.  The  occurrence  of  ciliates  at  the  55%  oxygen 
saturation  treatment  suggests  an  increased  susceptibility  to  disease 
at  depressed  oxygen  saturation.  Walters  and  Plumb  (1980)  deter- 
mined that  low  dissolved  oxygen  levels  increase  the  susceptibility 
of  channel  catfish  to  bacterial  infection.  Survival  of  abalone  also 
decreased  to  59%  of  controls  at  this  concentration  (Harris  et  al. 
in  press). 

Some  of  the  responses  seen  to  the  toxicants  in  this  study  are 
representative  of  the  situation  for  many  other  aquatic  animals. 
Mallat  ( 1985)  reviewed  the  literature  on  structural  changes,  in  fish 
gills,  induced  by  toxicants  and  determined  that  hislopathological 
gill  lesions  are  largely  nonspecific  in  nature,  with  changes  in  gill 
epithelium,  bulbing  or  fusing  of  gill  lamellae,  hypersecretion  and 
proliferation  of  mucocytes,  and  changes  in  chloride  cells  and  gill 
vasculature  common  to  many  different  exposure  conditions.  Mallat 
( 1985)  also  determined  that  the  frequency  of  gill  lesions  is  greater 
from  acute  rather  than  sublethal  exposure  and  in  freshwater  situ- 


ations rather  than  marine.  This  may  explain  the  lack  of  effect  of 
ammonia  on  the  abalone  gills  and  the  subtle  nature  of  changes  has 
occurred  during  sublethal  exposure  of  greenlip  abalone  to  ammo- 
nia, nitrite,  and  low  dissolved  oxygen. 

In  this  study,  we  have  identified  different  histological  changes 
for  each  environmental  stressor,  but  the  effects  with  low  dissolved 
oxygen  may  have  been  dependent  on  ciliate  infestation.  Future 
research  will  involve  bioassays  for  combinations  of  stressors  and 
also  a  broadening  of  stress  attributes  to  include  biochemical 
changes.  The  overall  aim  is  to  establish  a  set  of  stressor-specific 
changes  that  can  be  used  for  diagnostic  purposes. 
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ABSTRACT  Pathogenic  bacteria  may  enter  intensive  husbandry  systems  by  tour  routes:  seawater  system,  air-borne  contaminants, 
hroodstocl^.  and  food  supply.  Sand  and  cartridge  filters,  as  well  as  ultraviolet  (UV)  systems,  are  used  in  Baja  California  abalone 
[Hulioiis  spp.)  farms  to  reduce  and  control  the  bacterial  community. 

Viable  heterotrophic  bacteria  ( VHB)  and  V'/fcno-like  bacteria  (VLB)  have  been  enumerated  in  seawater  systems,  culture  tanks,  and 
diatom  cultures  used  at  red  abalone  {Halioiis  nifescens)  and  green  abalone  (Halioiis  fulgens)  farms.  In  successful  hatchery  operations, 
bacterial  water  quality  after  the  UV  system  was  excellent,  with  concentrations  as  low  as  10'  VHB/mL  and  2  VLB/100  mL.  These  low 
numbers  differ  radically  from  those  found  in  microbial  food  mats  covering  postlarval  tank  surfaces,  where  bacterial  concentrations  as 
high  as  10''  VHB/cm"  and  IC  VLB/cm'  can  be  reached. 

KEY  WORDS:     abalone  culture.  Vibrio  spp.,  bacteriological  water  quality,  microbial  food  mats 


INTRODUCTION 

Good  bacterial  water  quality  is  always  considered  a  crucial 
condition  for  successful  achievements  in  hatchery  operations.  In 
order  to  reduce  bacteria  in  the  water  system,  most  aquaculturists 
use  mechanical  filtration  (pressurized  sand,  diatomaceous  earth. 
and  cartridge  filters),  and  ultraviolet  (UV)  or  ozone  treatments  as 
well  as  antibiotics.  The  use  of  bacterial  counts  in  culture  media  has 
been  proposed  as  a  useful  tool  to  evaluate  the  efficiency  of  the 
different  water  treatments  among  aquacultural  systems  (Lizairaga- 
Partida  et  al.  1997)  because  they  provide  a  direct  measure  of  the 
organisms  that  are  targeted  to  be  reduced  or  eliminated.  Parado.xi- 
cally.  only  few  hatcheries  perform  bacterial  counts  routinely  to 
monitor  water  quality. 

Counts  in  culture  media,  in  contrast  to  direct  counts  of  bacteria 
stained  with  acridine  orange  or  DAPI  (4'6-diamino-2- 
phenylindole),  give  a  clear  indication  of  the  viable  heterotrophic 
bacteria  (VHB).  and  selective  media  such  as  TCBS  could  be  used 
for  the  enumeration  of  organisms  related  to  Vibrio  spp.  This  bac- 
terial genus  includes  species  that  have  been  reported  as  pathogens 
of  fish,  crustaceans,  and  molluscs  (Elston  and  Leibovitz  1980, 
Brown  1981,  Jeffries  1982,  Sindemiann  and  Lightner  1988,  Bati- 
cados  et  al.  1990.  Lavilla-Pitogo  1995,  among  others).  Regarding 
the  abalone  (Haliotis  spp.),  Elston  and  Lockwood  (1983)  have 
reported  pathogen  vibrios  in  cultured  juvenile  red  abalone  Haliotis 
nifescens  Swainson.  Ebert  and  Houk  (1984)  have  reported  larval 
mortalities  associated  with  vibrios,  and  Anguiano  et  al.  (in  press) 
have  confirmed  the  pathogenicity  of  Vilyrio  alginolxticus  on  larvae 
and  postlarvae  of  the  red  abalone.  These  studies  indicate  that 


Vilvio  spp.  could  develop  epizootic  events  in  larvae,  postlarvae, 
and  juvenile  abalone.  Li  et  al.  (1997)  report  a  pustule  disease  in 
Haliotis  discus  luinnai  Ino  related  to  Vibrio  fluviulis  biotype  11.  In 
this  article,  we  have  studied  VHB  as  well  as  bacteria  growing  in 
TCBS  media,  nominated  by  Vibrio-Wke  bacteria  (VLB),  in  coastal 
areas,  seawater  supply  systems,  and  postlarval  culture  tanks  at  two 
Mexican  abalone  farms  located  in  Baja  California. 

MATERIALS  AND  METHODS 

The  farms  that  were  sampled  are  located  in  Ejido  Erendira  B.C. 
and  at  Puerto  Nuevo  B.C.S.  The  first  is  operated  by  Abulones 
Cultivados.  a  private  company  dedicated  to  the  commercial  pro- 
duction of  red  abalone.  The  second  is  operated  by  Sociedad  Co- 
operativa  Emancipacion  and  is  devoted  to  seed  production  of  green 
abalone  (Haliotis  fulgens  Philippi). 

Both  farms  are  located  in  pristine  environments  in  small  fishing 
communities  where  the  major  water  quality  problems  occur  during 
dinoflagellate  blooms  (Flores-Aguilar  et  al.  1997).  In  Erendira, 
water  is  pumped  from  the  coast,  passed  through  three  pressure 
sand  filters  (Stark  Aquatic  Systems,  maximum  flow  MF  =  3785 
L/min),  and  then  conducted  to  reservoir  tanks.  From  this  last  point, 
it  is  sent  to  three  pressure  sand  filters  (Jacuzzi  Model  ST33,  MF  = 
450  L/min).  three  diatomaceous  earth  filters  (Jacuzzi  Model 
EW150,  MF  =  530  L/min),  and  then  to  a  central  UV  irtadiation 
system  (Aquanetics  Systems,  Model  O720IL.  MF  =  750  L/min) 
for  its  utilization  in  postlarval  culture  tanks.  A  second  line  from  the 
reservoir  tanks  supplies  the  broodstock  tanks.  For  hatchery  opera- 
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tions  (spawning,  fertilization,  larval  culture,  etc.),  supplementary 
filtration  of  UV-treated  water  is  accomplished  with  a  series  of 
seven  l-p,m-pore-size  cartridge  filters,  and  finally  the  water  is 
passed  through  another  UV  sterilization  unit  (Aquanetics  Systems, 
Model  30IL,  MF  =  30  L/min)  (Fig.  1).  Postlarvae  are  reared  in 
250-L  fiberglass  tanks  that  receive,  during  the  first  45  days,  peri- 
odic inoculations  of  a  cultured  diatom,  Naviculo  incerta.  After  this 
period,  the  postlarval  diet  consists  of  artificial  food  together  with 
microbial  food  mats  developed  from  the  seawater  supply.  Tanks 
are  drained  and  washed  periodically  to  remove  feces  and  food 
wastes. 

In  Puerto  Nuevo.  water  is  pumped  from  the  sea  to  a  reservoir, 
passed  through  a  pressure  sand  filter  (Jacuzzi,  model  ST33,  MF  = 
450  L/min),  and  then  conducted  to  broodstock  and  postlarval 
tanks.  For  hatchery  operations,  water  is  further  filtered  with  two 
1-p.m-pore-size  cartridge  filters  and  passed  through  a  UV  steril- 
ization system  (Aquanetics  Systems,  Model  30IL,  MF  =  30 
L/min).  Postlarvae  are  cultured  by  the  Japanese  system  in  1.000-L 
tanks  with  racks  of  vinyl  plates  and  are  fed  mixed  wild  diatoms. 

Coastal  water  was  collected  at  Erendira  in  May,  June,  August, 
September,  and  December  1996,  and  in  January,  March,  May, 
June,  July,  and  August  1997.  Critical  points  of  the  seawater  system 
were  sampled  on  February  1996,  and  in  July  1997,  in  Erendira  and 
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in  January    1997,  at  Puerto  Nuevo.  Microbial  food  mats  were 
sampled  in  November  1997,  at  Erendira. 

Water  samples  were  collected  in  sterilized  screw-capped 
bottles  and  processed  immediately.  Microbial  food  mats  were 
sampled  inside  a  lOO-cnr  frame  with  a  sterilized  glass  slide  and 
suspended  in  100  mL  of  saline  solution  (0.9%  NaCl).  In  all  of  the 
samples.  10-fold  dilution  series  with  saline  solution  were  applied. 
When  low  concentrations  of  bacteria  were  expected.  100  mL  of  the 
water  sample  was  filtered  through  a  0.45-|j.m-pore-size  Millipore 
filter.  These  filters  were  seeded  as  well  as  the  dilutions  onto  ZoBell 
2216-E  medium  (Oppenheimer  and  ZoBell  1952)  for  VHB  counts 
and  TCBS  medium  (Difco)  for  VLB  counts.  The  inoculated  plates 
of  ZoBell  and  TCBS  media  were  incubated  at  28  ±  2°C.  After  48 
h,  the  colony-forming  units  (CFU)  were  counted. 

RESULTS  AND  DISCUSSION 

In  Figure  2.  the  time  series  of  VHB  and  VLB  average  values  for 
coastal  water  at  Erendira  are  presented.  Tables  1  and  2  summarize 
the  bacteriological  results  for  the  seawater  systems  of  Erendira  and 
Puerto  Nuevo,  respectively.  Finally,  Table  3  shows  the  bacterial 
concentrations  in  microbial  food  mats. 

The  time  series  of  VHB  in  coastal  waters  at  Erendira  (Fig.  2) 
shows  higher  values  ( 10'*-I0'^  CFU/mL)  in  May  to  June  1996,  and 
June  1997,  which  correspond  with  red  tide  events  (Flores-Aguilar 
et  al.  1997).  These  results  suggest  that  dinotlagellate  blooms  may 
support  an  increase  in  the  numbers  of  VHB  in  coastal  waters. 
Kodama  ( 1990)  suggested  that  bacteria  may  be  the  primary  source 
of  paralytic  shellfish  poison  (PSP)  toxins  nonnally  attributed  to 
toxic  dinotlagellates.  More  recently,  Doucette  and  Trick  (1995) 
report  an  autonomous  bacterial  PSP  toxigenesis.  These  authors 
identified  the  PSP  producers  as  members  of  the  Alteronwnas/ 
Pseudomonas  group.  Therefore,  the  epizootic  events  of  abalone 
postlarvae  reported  by  Flores-Aguilar  et  al.  (1997),  attributed  to 
red  tides,  may  require  careful  consideration  of  bacteria  associated 
with  the  dinotlagellates  of  this  area.  VLB  concentrations  were 
highest  in  January  and  June  to  July  1997  (Fig.  2),  but  only  in  the 
second  case  were  they  possibly  associated  with  red  tide  events. 

In  Table  I,  results  of  bacterial  concentrations  recorded  in  July 
1997  (20  days  after  a  red  tide  event)  show  low  values  of  VHB  in 
coastal  and  reservoir  samples,  but  an  increase  of  these  after  filtra- 
tion and  UV  irradiation,  reflecting  a  bacterial  saturation  of  sand 
filters  that  could  not  be  eliminated  by  the  standard  UV  treatment. 
Bacteria  growing  on  TCBS  (VLB)  were  present  in  low  concentra- 
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Figure  1.  Flowchart  of  the  water  supply  system  at  the  Abulones  Cul- 
tivados  farm  (Erendira).  Ipm,  liters  per  minute. 


Figure  2.  Time  series  of  \  HB  and  \  IB  in  CFlVniL 
adjacent  to  Abulones  Cultivados  farm  at  Erendira, 
Mexico. 
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TABLE  I. 

Results  of  bacteriological  samples  of  the  seawater  system  at 
Abulones  Cultivados  farm  (Erendira,  Mexico). 


TABLE  3. 

Results  of  bacteriological  samples  of  microhial  food  mats  at 

Abulones  Cultivados  farm  (Erendira,  Mexico!  in  tanl\s  of//. 

nifi'scens  of  different  ages. 


February 

t  1996 

July 

1997 

.\veraees 

Sampling  Point 

VHB 

VLB 

VHB 

VLB 

VHB 

VLB 

3-vvk-old  Postlarvae 

3-nio-old  Juveniles 

Coast 
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450 
310 

32 
7 

500 
190 

10 
10 
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250 

T] 

Tank 

VHB 

VLB 

Tank 

VHB 
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45 

60 

0.09 

69 

1,250 

200 
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300 

5 

1240 

4 

770 

4.5 

46 

80 

0.1 

71 

1,140 

134 

Sand  filters 

280 

17 

3350 

8 

1815 

12.5 

47 

20 

0.1 

73 

1,240 

105 

UV  system 

30 

0.32 

2300 

0.9 

1165 

0.61 

85 

860 

56 

Postlar\ae 

150 

0.5 

1920 

1.4 

1035 

0.95 

86 

3,000 

180 

Hatchery 

240 

0.02 

110 

0.001 

175 

0.01 

Averages 

53 

0.10 

93 

2,000 
1,582 

400 

Each  \alue  is  an  a 

iveraae  of  t 

wo  counts 

,  in  CFU/mL. 
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tions  in  all  samples,  especially  after  UV  treatment  (0.001-10  CFU/ 
mL). 

The  bacterial  concentrations  recorded  in  coastal  waters  at  Puer- 
to Nuevo  in  January  1997  (Table  2),  correspond  to  values  reported 
by  Lizarraga-Partida  and  Vargas-Cardenas  (1996)  for  Baja  Cali- 
fornia coastal  waters  free  of  fecal  bacterial  contamination.  Water 
used  in  the  Puerto  Nuevo  hatchery  was  similar  in  bacteriological 
quality  to  that  in  Erendira.  Water  used  in  postlarval  tanks  had 
values  of  VHB  close  to  those  found  at  Erendira,  but  VLB  values 
were  higher.  Results  of  VHB  recorded  after  sand  filters  and  UV 
treatment  indicate  that  free-living  bacteria  (Kogure  1989)  are  not 
completely  eliminated  by  mechanical  tlltrations  or  UV  irradiation. 
VLB  counts  seem  to  reflect,  as  well,  the  numbers  of  bacteria 
attached  to  suspended  particles,  a  characteristic  of  pathogenic 
vibrios  (Colwell  et  al.  1984).  because  their  numbers  are  greatly 
reduced  by  pressure  sand  filters.  UV  irradiation  seems  to  be  very 
effective  in  the  elimination  of  bacteria  that  grow  on  TCBS  me- 
dium, as  has  been  indicated  before  (Lizarraga-Partida  et  al.  1997). 
because  their  concentration  was  reduced  by  two  or  three  orders  of 
magnitude  after  the  UV  treatment. 

The  magnitude  of  these  bacterial  populations  in  culture  systems 
has  been  reported  to  depend  on  the  frequency  of  sand  filter  back- 
washing  (Lizarraga-Partida  et  al.  1997).  but  it  may  also  depend  on 
the  frequency  of  replacement  of  filter  cartridges  and  the  UV  lamps. 
The  establishment  of  such  control  measures  are  specific  to  each 
farm  according  to  water  flow^  rate,  but  usually  sand  filters  have  to 
be  backwashed  daily  and  cartridge  filters  have  to  be  cleaned  at 
least  once  a  day.  UV  lamp  replacement  is  determined  by  the  rate 
of  reduction  in  UV  transmission  caused  by  a  process  known  as 

TABLE  2. 

Results  of  bacteriological  samples  of  the  seawater  system  at  Puerto 
Nuevo  farm. 


Sampling  Point 


VHB 


VLB 


Coast 

Reservoir 

Broodstock 

Sand  filters 

UV  system 

Postlar%'ae 

Hatcherv 


240 

330 

5000 

600 

55 
700 

60 


5 

0.1 

20 
0.1 
0.1 
0.1 
0.1 


Each  value  is  an  average  of  two  counts  in  CFU/mL.  Sampling  date  =  1/97. 


Tank  numbers  correspond  to  codes  used  at  the  farm.  Each  value  is  an 
average  of  two  counts  in  CFU  x  1.000/cm". 


"solarization""  (Wheaton  1987).  The  scheduling  of  these  opera- 
tions could  be  established  by  different  methods,  but  our  results 
show  that  bacterial  plate  counts  are  a  powerful  tool  in  this  regard. 

Food  is  generally  the  main  source  of  bacteria  in  aquacultural 
systems,  as  is  the  case  for  diatom  cultures  and  artificial  food  in 
postlarval  tanks.  The  concept  of  '"microbial  food  mats"  is  pro- 
posed because  of  the  magnitude  of  the  VHB  biomass  associated 
with  N.  incerta  films,  reaching  concentrations  between  10"  and  10'' 
CPU/cm".  These  bacteria  may  form  part  of  the  abalone  diet 
(Kawamura  1996),  although  some  could  be  pathogenic,  as  sug- 
gested by  the  VLB  counts  ranging  from  10'  to  10''  CFU/cm" 
(levels  two  to  five  orders  of  magnitude  higher  than  in  the  UV 
seawater  supply). 

Bacterial  populations  were  much  higher  in  tanks  of  3-mo-old 
abalone  compared  with  those  in  tanks  of  3-wk-old  postlarvae 
(Table  3).  Food  sources  may  be  partially  responsible  for  this  result, 
because  young  postlarvae  are  fed  with  N.  incerta  cultures,  whereas 
early  juveniles  receive  an  artificial  food. 

High  postlarval  mortality  in  Erendira  has  been  recorded  during 
red  tide  events  and  has  also  been  empirically  associated  with  the 
development  of  a  "red  spot"  in  the  bottom  of  the  tanks.  Brown 
(1974)  has  reported  that  concentrations  above  10'  CFU/mL  of  a 
red-pigmented  pseudomonad  could  produce  either  retardation  of 
embryonic  development  or  mortality  in  hard  clams  (Mercenaria 
mercenaria).  Our  attempts  to  isolate  red-pigmented  bacteria  from 
the  bottom  of  abalone  postlarval  tanks,  following  Brown's  proce- 
dures, remain  unsuccessful.  Understanding  the  species  composi- 
tion of  microbial  food  mats  and  their  pathogenic  or  beneficial 
effects  on  different  abalone  postlarval  stages  would  be  useful  in 
developing  strategies  to  improve  their  survival  and  growth. 
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ABSTRACT  Inle.stations  of  sabellid  polychaetes  were  found  in  South  Afncan-farmed  abalone  in  1994.  Growth  e.xperiments  con- 
firmed that  infested  abalone  had  reduced  growth  rates.  Surveys  of  both  the  intertidal  and  the  subtidal  regions  at  various  locations  around 
the  South  African  coastline  revealed  that  the  sabellid  was  endemic  to  the  region.  It  occurs  in  a  range  of  mollusc  species,  but  some 
species  are  more  susceptible  than  others.  The  fact  that  some  mollusc  species  become  infested  with  worms  only  when  exposed  to  them 
in  the  laboratory  suggests  that  environmental  factors  may  play  a  role  in  controlling  natural  levels  of  infestation.  Larvae  disperse  by 
crawling  and  settle  at  the  growing  edge  of  the  shell  underneath  the  mantle.  Although  the  larvae  are  benthic.  there  is  limited  transfer 
of  larvae  through  the  water  column,  which  can  result  in  export  of  larvae  from  infested  tanks.  The  nsks  of  dispersal  are  discussed  in 
a  farm  management  context.  Abalone  kept  in  more  hygienic  laboratory  conditions  tend  to  grow  faster  than  they  do  in  farm  tanks  and 
have  lower  levels  of  infestation  by  sabellid  larvae.  This  may  be  because  the  sahellids  are  less  fecund  under  these  conditions,  which  also 
has  implications  for  management. 

A'^}'  WORDS:     sabellids.  South  Africa,  molluscs,  larval  dispersal,  distribution,  management 


INTRODUCTION 

While  condticting  growth  trials  at  an  abalone  farm  on  the  West 
Coast  of  South  Africa  in  1994,  we  noticed  that  one  group  of 
animals  exhibited  virtually  zero  growth  and  experienced  higher 
mortalities  than  other  groups.  A  closer  examination  revealed  that 
the  shells  of  these  animals  were  exceptionally  weak  and  prone  to 
breakage,  which  presumably  lead  to  the  mortalities.  The  shells  also 
had  slightly  abnoirnal  shapes,  the  characteristic  fluting  of  the  shell 
being  absent.  The  weakening  of  the  shell  was  associated  with 
numerous  tiny  holes,  occupied  by  a  polychaete  worm.  The  grow- 
ing edge  of  the  shell  was  infested  by  tiny,  larval  worms.  Initially. 
it  was  thought  that  this  was  caused  by  Polydora.  a  documented 
shell  borer  in  abalone  (Blake  and  Evans  1973).  but  closer  exami- 
nation of  the  worm  suggested  that  it  was  the  same  animal  that  had 
been  recently  discovered  in  Califomian  abalone  farms  (Oakes  and 
Fields  1996). 

The  worm  is  a  sabellid  polychaete  of  a  previously  undescribed 
genus  (Fitzhugh  pers.  comm).  It  has  been  causing  severe  damage 
to  the  abalone  industry  in  California,  and  there  has  been  some 
release  of  the  sabellid  into  the  environment  around  abalone  farms 
(Culver  and  Kuris  unpubl.).  A  project  was  initiated  in  California  to 
study  the  threat  posed  both  to  farms  and  to  the  natural  environment 
(Culver  et  al.  1997).  the  latter  being  necessary  because  the  sabellid 
is  not  native  to  California  (Lafferty  and  Kuris  1996).  A  similar 
project  was  initiated  in  South  Africa  by  the  Abalone  Farmers  As- 
sociation of  South  Africa  to  assess  the  risk  to  abalone  farms  and  to 
determine  whether  it  is  endemic  to  South  Africa,  and  if  so.  to 
determine  the  distribution  of  the  sabellid  worm  in  wild  stocks. 

A  brief  description  of  the  worms'  life  cycle  follows,  based  on 
personal  observation  and  that  of  researchers  in  California  (Kuris 
and  Culver  unpubl..  Oakes  and  Fields  1996.  Fitzhugh  and  Rouse 
unpubl.  1.  Like  many  other  sabellids.  it  is  a  simultaneous  hermaph- 
rodite, producing  both  eggs  and  sperm  at  the  same  time.  The  adults 
brood  the  eggs  in  the  tube  until  they  are  viable  larvae,  which  then 
emerge  as  fairiy  large  (-600  jxm  in  length),  crawling  larvae  pos- 
sessing two  eyespots  and  sensory  tentacles  at  the  anterior  end.  Five 


pairs  of  setae  and  a  broad  cilial  band,  the  neurotroch.  are  used  in 
locomotion  and  anchorage.  Larvae  are  very  active  and  crawl  over 
the  surface  of  the  host  shell  until  they  reach  the  mantle  or  shell- 
secreting  portion  of  the  host,  or  a  neighboring  animal.  They  locate 
themselves  between  the  mantle  and  shell  and  secrete  a  mucous  or 
proteinaceous  tube  around  themselves.  The  tubes,  which  are  longer 
than  the  larvae,  are  then  covered  by  newly  deposited  shell  of  the 
host  animal.  The  larva  maintains  an  opening  to  the  external  envi- 
ronment at  its  anterior  end.  A  feeding  crown  is  formed  after  meta- 
morphosis, and  as  the  worm  grows,  it  proceeds  to  fill  the  tube. 
There  is  also  evidence  of  burrow  enlargement.  The  longevity  is 
unknown  at  present.  Age  of  reproductive  maturity  lies  between  I 
(Kuris  and  Culver  unpubl.)  and  3  (pers.  obs.)  mo.  This  article 
discusses  the  effect  that  the  worm  has  on  abalone  growth,  the 
distribution  of  the  sabellid  on  the  South  African  coasdine.  the 
dispersal  abilities  of  the  worm,  and  its  implications  for  manage- 
ment of  infestations  on  abalone  farms. 


METHODS 


Growth 


The  worm  was  first  noticed  in  South  Africa  during  a  growth 
experiment  involving  three  cohorts  of  abalone.  Three  replicate 
baskets  of  each  cohort:  A  (11-13  mm).  B  (20-25  mm),  and  C 
(35^1  mm)  were  held  in  three  aquaria.  Only  one  cohort  (C)  was 
found  to  be  heavily  infested  with  sabellid  worms.  The  baskets  were 
staggered  in  each  aquarium  to  eliminate  tank  effects.  Each  basket 
contained  20  abalone.  which  were  measured  and  weighed  each 
month. 

A  second  growth  experiment  was  conducted  to  confirm  the 
effect  of  the  sabellids  on  growth.  In  this  case,  animals  of  the  same 
size  were  used  and  either  mixed  together  with  five  heavily  infested 
abalone  (sabellid  effect)  or  kept  isolated  (sabellid  free).  This  was 
a  relative  measure  because  it  was  not  possible  to  find  animals  that 
were  totally  sabellid  free.  Three  replicates,  containing  10  abalone 
each,  were  used  in  each  case.  Animals  were  weighed  and  measured 
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at  monthly  intervals  for  3.5  mo.  Larval  counts  were  performed  on 
a  subsample  of  five  animals  at  17  days  and  then  at  each  sampling 
interval.  For  this,  the  abalone  was  held  upside  down  under  a  dis- 
secting microscope  and  the  mantle  was  carefully  pushed  aside  to 
expose  the  growing  edge  of  the  shell.  Larvae  at  the  growing  edge, 
between  the  spire  and  the  last  respiratory  pore,  were  counted  (Fig. 
1 ).  The  length  of  this  edge  was  measured  with  a  vernier  caliper. 
The  number  of  larvae  per  centimeter  of  shell  edge  was  then  cal- 
culated. Control  animals  were  not  sabellid  free  but  had  low  levels 
of  infestation,  and  thus,  it  was  necessary  to  include  sabellid  counts 
for  control  anirnals. 

Distribution 

In  order  to  determine  whether  the  sabellid  occuned  in  wild 
stocks  and.  if  so,  the  range  and  geographical  distribution  of  in- 
fested species,  a  range  of  locations  were  sampled  around  the  South 
African  coastline,  extending  from  Port  Nolloth  on  the  West  Coast 
to  Cans  Bay  on  the  South  Coast  (Fig.  2).  Molluscs  of  as  many 
species  as  possible  were  collected  both  subtidally  and  intertidally, 
preference  being  given  to  areas  where  abalone  occur  naturally. 
Molluscs  collected  were  measured  (shell  length)  and  examined  for 
the  presence  of  sabellid  larvae  at  the  growing  edge  only.  This 
method  was  chosen  because  it  provided  a  means  to  quantify  large 
numbers  of  animals  quickly. 

Once  the  field  work  was  completed,  laboratory  experiments 
were  undertaken  to  assess  the  susceptibility  of  different  moUuscan 
species  to  infestation.  A  range  of  species  were  kept  in  aquaria 
together  with  heavily  infested  abalone.  Three  replicate  tanks  were 
used,  each  with  four  to  six  individuals  of  each  species,  kept  to- 
gether with  six  heavily  infested  abalone.  The  introduced  animals 
were  measured,  and  their  sabellid  infestations  were  estimated  at 
the  start  of  the  experiment,  and  again  after  2  wk,  by  counting  the 
number  of  sabellid  larvae  per  linear  centimeter  of  shell.  The  ex- 
periment was  conducted  twice. 

Dispersal 

Larval  dispersal  is  a  very  important  factor  to  abalone  farmers. 
because  this  controls  the  spread  of  infestations  through  farms  and 
between  farms.  The  behavior  and  physiology  of  larvae  were  ob- 
served in  petri  dishes  under  the  light  microscope,  and  the  larvae 
were  also  prepared  for  scanning  electron  microscopy.  An  experi- 
ment was  conducted  to  test  the  dispersal  abilities  of  the  worms  in 
a  laboratory  situation.  Twenty  uninfested  abalone  in  the  15-23  mm 
size  range  and  10  heavily  infested  abalone  in  the  50-60  mm  size 
range  were  used  for  experiments.  Three  scenarios  were  created  in 
aquaria  kept  at  a  constant  temperature  of  17°C  with  filtered,  flow- 
edge  length 
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Figure  1.  A  diagram  of  an  abalone  shell  to  illustrate  the  region 
sampled  for  larval  counts. 


Figure  2.  A  map  of  the  coastline  of  South  Africa  to  show  sampling 
sites. 

through  seawater.  First,  uninfested  abalone  were  allowed  to  mix 
with  the  infested  abalone  on  the  base  of  the  aquarium.  Second, 
uninfested  abalone  were  completely  separated  from  infested  aba- 
lone by  a  suspended  basket  system.  The  baskets  were  not  touching 
each  other  or  the  sides  of  the  aquarium,  so  the  only  way  for  larvae 
to  reach  the  other  basket  was  through  the  water  column.  In  the 
third  scenario,  the  uninfested  abalone  were  again  separated  from 
the  infested  animals  by  baskets,  but  in  this  case,  the  baskets  rested 
on  the  base  of  the  aquarium  so  that  larvae  were  free  to  crawl  along 
the  base  of  the  aquarium  between  baskets.  The  entire  experiment 
was  conducted  twice  with  the  same  baskets.  The  uninfested  aba- 
lone were  examined  at  approximately  20-day  intervals.  Shell 
lengths  were  recorded,  and  a  subsample  of  10  abalone  was  used  for 
larval  counts  as  described  above.  At  the  end  of  the  experiment,  the 
newly  infested  abalone  from  the  mixed  treatment  were  separated 
and  further  monitored  (growth  and  larval  counts)  for  a  period  of 
2  mo. 

Possible  export  of  larvae  from  culture  tanks  was  tested  by 
filtering  water  from  the  outflows  of  culture  raceways  that  con- 
tained infested  stocks  of  abalone  through  a  series  of  sieves  of 
different  mesh  sizes.  Sieves  with  pore  diameters  of  100,  58,  45. 
and  32  |j,m  were  used  in  sequence.  First,  water  was  allowed  to  flow 
freely  for  a  period  of  a  few  hours,  but  in  a  second  attempt  to 
quantify  the  results,  a  sample  of  500  L  was  passed  through  the 
sieves  and  examined  under  a  dissecting  microscope  for  the  pres- 
ence of  larvae. 

Sabellid  Fecundity 

It  was  noticed  that  abalone  tended  to  grow  faster  after  some 
time  in  laboratory  conditions  (low  densities  and  cleaner  tanks)  in 
comparison  to  the  stock  animals  in  raceways  from  which  they  had 
been  selected.  At  the  same  time,  the  worm  count  at  the  growing 
edge  dropped.  Thus,  it  was  decided  to  compare  the  condition  of  the 
sabellid  worms  as  follows.  Six  heavily  infested  abalone  from  the 
second  dispersal  experiment  were  sacrificed,  and  the  entire  shell 
was  crushed  with  a  pair  of  pliers.  Three  abalone  from  their  coun- 
terpart stocks  in  the  culture  raceways  were  also  crushed.  The  frag- 
ments were  placed  in  seawater  in  a  petri  dish,  marked  with  1-cm 
gridlines.  Adult  worms  (defined  as  those  worms  of  any  size  pos- 
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sessing  feeding  crowns),  eggs,  and  larvae  were  eouiited  in  a  fixed 
area.  The  ratios  of  eggs  and  larvae  relative  to  adults  were  recorded. 
The  experiment  was  repeated  at  another  farm  where  animals  had 
also  been  separated  and  kept  in  laboratory  conditions. 


RESULTS 


Growth 


Growth  rates  of  abalone  from  the  initial  growth  experiment  are 
presented  in  Figure  3.  To  allow  comparisons  between  abalone  of 
different  sizes,  growth  was  expressed  as  length  increments.  During 
the  first  6  wk  of  the  experiment,  the  animals  in  Size  Class  C 
showed  virtually  no  growth.  In  fact,  there  was  even  negative 
growth  in  some  aquaria,  presumably  due  to  shell  breakage.  The 
shells  become  very  fragile  and  prone  to  breakage  when  infested. 
After  Day  75.  the  animals  in  Size  Class  C  started  to  grow  faster. 
This  may  have  been  an  effect  of  laboratory  conditions,  as  will  be 
discussed  later. 

The  results  of  the  second  growth  experiment,  in  which  animals 
of  the  same  starting  size  were  used,  are  summarized  in  Figure  4. 
Both  length  and  weight  data  are  given,  along  w  ith  larval  counts  at 
the  growing  edge  of  the  shell.  Because  the  control  animals  were 
found  to  have  low  levels  of  infestation,  their  larval  counts  are 
included  with  the  last  two  measurements.  The  experiment  must 
therefore  be  considered  as  a  comparison  in  growth  between  mod- 
erately and  lightly  infested  abalone.  Significant  differences  in 
growth  for  both  weight  and  length  (f-test  of  means,  p  <  0.05.  df  = 
4)  were  recorded.  Higher  counts  of  larvae  do  occur  in  culture 
situations  (up  to  25/cm;  see  Fig.  6).  and  these  abalone  are  likely  to 
exhibit  even  slower  growth  than  represented  here. 

Distribution 

The  results  of  the  dive  surveys  conducted  on  the  West  and 
South  Coasts  of  South  Africa  were  used  to  calculate  the  prevalence 
of  the  sabellid  in  natural  populations  (Table  1).  Prevalence  is  de- 
fined as  the  number  of  individuals  of  a  host  species  infected, 
divided  by  the  number  of  hosts  examined  (Margolis  et  al.  1982). 
The  sabellid  is  widespread  and  was  found  in  varying  degrees  of 
abundance  at  each  location  sampled.  It  is  clear  from  the  table  that 
the  sabellid  is  not  limited  to  abalone  but  can  infest  various  unre- 
lated genera.  Some  species  such  as  Haliotis  midae.  Turbo  cidaris. 
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Figure  3.  Growth  increments  over  time  of  three  cohorts  of  abalone  in 
a  growth  stud\.  Cohort  C  was  found  to  be  heavily  infested  by  sabellids. 
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Figure  4.  Growth  trial  to  determine  the  effect  of  sabellids  on  growth. 
The  histogram  indicates  the  numbers  of  larvae  at  the  growing  edge  of 
the  shell.  The  control  groups  were  found  to  ha^e  low  levels  of  infesta- 
tion, which  are  included  as  clear  bars.  Error  bars  are  one  standard 
deviation  of  the  mean. 

Turbo  sannaticus.  and  Burnapena  spp.  are  very  prone  to  infesta- 
tion, with  a  high  proportion  of  the  population  exhibiting  the  pres- 
ence of  sabellids.  A  number  of  limpet  species — Patella  tniniata. 
Patella  longicosta.  Patella  oculus — and  a  winkle.  O.wstele  tigrina. 
were  found  with  low  levels  of  infestations.  However,  these  were 
all  sampled  near  the  outfall  of  an  abalone  farm  at  Gans  Bay. 
containing  infested  abalone.  The  data  are  presented  both  with  and 
without  the  Gans  Bay  site  to  show  the  anomalous  pattern  (Table  1 ). 
It  is  possible  that  the  export  of  larvae  from  the  farm  creates  a 
situation  atypical  of  that  which  normally  occurs  in  the  wild  and 
allows  these  species  to  become  mildly  infested.  In  fact,  the  ma- 
jority of  molluscan  species  sampled  are  not  very  susceptible  to 
infestation  by  the  sabellid  in  the  wild.  There  are  two  special  cases 
worth  mentioning.  Mussels  appeared  to  be  generally  unsusceptible 
to  sabellid  infestation.  As  an  extra  test.  26  individuals  of  Mytilus 
galloprovmcialis  ranging  in  size  from  24  to  40  mm  were  taken 
from  a  basket  at  an  abalone  farm  that  also  contained  many  heavily 
infested  abalone.  but  none  of  the  mussels  were  infested  with  any 
stages  of  sabellids.  Similarly.  Crepidula  porcellaiui  also  appeared 
unsusceptible,  even  though  all  of  the  individuals  sampled  were 
epibionts  of  the  highly  infested  Turbo  cidaris  individuals. 

There  may  be  various  reasons  why  some  species  are  more 
prone  to  infestation  than  others,  and  the  laboratory  experiment  was 
designed  to  investigate  some  of  the  possible  reasons.  The  results 
are  shown  in  Figure  5.  which  records  prevalence  and  the  density  of 
sabellid  larvae  at  the  growing  edge  of  the  shell,  this  being  a  mea- 
sure of  the  intensitv  of  infestation. 
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TABLE  1. 

Species  sampled  on  the  coastline  of  South  Africa  from  Port  NoHoth  on  the  West  Coast  to  Gans  Bay  on  the  South  Coast;  the  number 
sampled,  number  infested,  and  percentage  of  individuals  with  sabellid  infestations  on  the  growing  edge  of  the  shell  are  shown. 


Excluding  Gans  Bay 

Total 

Sample 

With 

Prevalence 

Sample 

With 

Prevalence 

Species 

Size 

Sabellids 

(%) 

Size 

Sabellids 

iVc) 

Abalone 

H.  midae 

140 

84 

60 

173 

114 

66 

H.  spadicea 

19 

0 

0 

19 

0 

0 

Haliolis  piin-ii 

2 

0 

0 

2 

0 

0 

Limpets 

P.  miniata 

32 

0 

0 

71 

3 

4 

P.  longicosta 

15 

0 

0 

54 

10 

19 

P.  oculus 

22 

1 

5 

58 

8 

14 

Patella  barbara 

64 

0 

0 

82 

0 

0 

Patella  compressa 

56 

0 

0 

92 

1 

1 

Patella  argeiivillae 

26 

0 

0 

26 

0 

0 

Patella  cochlear 

91 

0 

0 

91 

0 

0 

Patella  gninaiiiui 

72 

0 

0 

72 

0 

0 

P.  graniilaris 

81 

0 

0 

102 

0 

0 

C.  porcellana 

91 

0 

0 

91 

0 

0 

Whelks 

Bunmpeiia  papyracea 

79 

44 

56 

79 

44 

56 

Bunwpena  spp. 

231 

83 

36 

249 

97 

39 

Argobuccinum  piistiilosum 

48 

2 

4 

48 

2 

4 

Fasciolaria  liigiibris  liigubris 

5 

0 

0 

5 

0 

0 

Mussels 

Aulacomya  aler 

9 

0 

0 

9 

0 

0 

Choromytilus  meridwnalis 

11 

0 

0 

11 

0 

0 

Winkles 

O.  tigrina 

39 

0 

0 

109 

8 

7 

0.  sinensis 

45 

0 

0 

126 

1 

1 

O.  variegata 

74 

0 

0 

110 

0 

0 

Turban  shells 

T.  sannaticus 

17 

14 

82 

41 

35 

85 

T.  cidaris 

91 

81 

89 

124 

113 

91 

Other 

Cymatium  cutaceum 

1 

0 

0 

1 

0 

0 

Clionella  sinuata 

6 

0 

0 

6 

0 

0 

Marginella  nebulosa 

1 

0 

0 

1 

0 

0 

Nitcella  squamosa 

9 

0 

0 

9 

0 

0 

Almost  all  species  that  exhibit  very  low  or  zero  infestation  in 
the  wild  were  infected  when  exposed  to  larvae  in  the  laboratory. 
The  levels  of  larval  colonization,  however,  are  still  lower  than 
those  of  the  host  species  commonly  infested  in  the  wild.  Whether 
this  is  due  to  larval  preference  or  host  resistance  is  unclear.  An 
exceptional  case  was  the  winkle  Oxystele  sinensis,  which  never 
acquired  any  infestations  in  the  experiments.  Some  of  the  high- 
shore  species,  such  as  Patella  granulans  and  Oxystele  variegata. 
spent  a  large  proportion  of  the  time  above  the  water  line  in  the 
aquaria,  reducing  their  exposure  to  the  larvae.  Had  they  been 
forced  to  remain  submersed,  it  is  possible  that  the  counts  at  the  end 
of  the  experiment  may  have  been  higher.  Even  though  T.  sarmati- 
cus  and  H.  midae  exhibited  high  counts  at  the  start  of  the  experi- 
ment (as  would  be  expected  from  the  results  in  Table  I ).  the  counts 
Increased  markedly  when  they  were  exposed  to  the  infested,  farm- 
grown  abalone  in  the  aquarium.  This  suggests  that  the  source 
abalone  from  the  farm  are  more  severely  infested  than  are  wild 
abalone.  In  a  separate  experiment,  the  susceptibility  of  Haliotis 
spadicea  to  infestation  was  tested  in  the  laboratory.  Individuals 


placed  in  tanks  with  infested  H.  midae  were  readily  infested  by 
sabellid  larvae  within  a  few  days. 

Dispersal 

Larvae  observed  in  petri  dishes  were  found  to  be  very  active, 
with  a  rapid  crawling  motion  of  about  1 .5  body  lengths  per  second. 
They  resist  being  dislodged  by  water  currents  by  adhering  to  the 
substratum  on  a  string  of  mucus.  They  possess  two  eyespots  and 
what  seem  to  be  sensory  tentacles  at  the  anterior  end.  It  appears 
from  preliminary  experiments  that  larvae  preferentially  settle  un- 
der pieces  of  abalone  tissue  as  opposed  to  dead  shell,  but  when  this 
is  not  available,  they  will  settle  on  the  glass  of  a  petri  dish,  produce 
a  tube,  and  even  metamorphose  to  produce  a  feeding  crown.  Fur- 
ther development  in  the  absence  of  a  host  has  not  been  studied. 

Even  though  conditions  were  different  in  each  repeat  of  the 
dispersal  experiment,  a  similar  pattern  occurred.  Results  are  pre- 
sented in  Figures  6  and  7.  Abalone  in  the  mixed  tank  acquired 
infestations  very  quickly.  At  the  first  measurement  (which  oc- 
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Figure  5.  Results  of  the  mixed-species  experiments.  Bars  indicate  the 
density  of  sabellid  lar>ae  at  the  growing  edge  of  the  shell  before  and 
after  being  exposed  to  heavily  infested  abalone.  Time  period  was  14 
days  with  n  =  6  (4-6).  Error  bars  are  one  standard  deviation  of  the 
mean. 

curred  between  IS  and  22  days  after  initiation),  there  were  already 
substantial  numbers  of  larvae  at  the  growing  edge.  In  the  first 
dispersal  e.xperiment.  there  were  high  counts  of  sabellid  larvae  and 
the  levels  remained  high.  The  growth  rate  of  the  mixed  animals 
was  lower  than  those  from  the  other  treatments  (see  Fig.  7).  In  the 
second  dispersal  experiment,  the  initial  counts  were  much  lower 
and  declined  further  toward  the  end  of  the  experiment.  Thus,  even 
though  the  growth  rate  appeared  slower  initially,  it  increased  to- 
ward the  end  of  the  experiment  to  become  similar  to  that  of  the 
other  two  treatments.  In  both  experiments,  there  were  no  notice- 
able differences  between  the  suspended  basket  treatment  and  the 
base  basket  treatment.  This  was  true  for  both  counts  and  growth 
rates.  This  implied  that  larvae  were  not  effective  at  crossing  the 
short  distance  separating  the  two  baskets.  There  was  a  build  up  of 
detritus  on  the  base  of  the  aquarium,  which  may  have  restricted  the 
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Figure  6.  Dispersal  Experiment  1.  Growth  rates  and  larval  counts  at 
the  growing  edge  of  the  shell  of  the  three  dispersal  treatments.  Treat- 
ment .V,  suspended  baskets;  Treatment  B,  mixed  animals:  Treatment 
C,  baskets  on  the  bottom  of  the  tank. 
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Figure  7.  Dispersal  Experiment  2.  See  Figure  6  legend  for  details. 


benthic  movement  of  larvae.  It  is  interesting  that  there  was  transfer 
of  larvae  from  infested  to  uninfested  animals  in  the  suspended 
basket  treatment,  implying  that  the  larvae  passed  through  the  water 
column.  The  levels  of  transfer  were  very  low.  however,  and  would 
be  unlikely  to  influence  the  growth  rates  in  the  short  term. 

Figure  8  illustrates  the  progress  of  the  abalone  from  the  mixed 
treatment  in  the  first  dispersal  experiment  after  they  were  removed 
from  the  source  of  infestation.  There  was  a  sudden  disappearance 
of  larvae  at  the  growing  edge  of  the  shell,  coupled  with  an  accel- 
eration in  growth.  Only  after  Day  150  did  larvae  appear  at  the 
growing  edge  of  the  shell,  originating  from  these  new  infestations. 
These  levels  were  sustained  for  some  time,  and  the  growth  rate 
decreased.  From  these  data,  it  was  possible  to  estimate  the  time 
taken  for  the  sabellid  population  to  become  reproductive  from  the 
larval  stage.  Assuming  the  first  sabellids  (which  colonized  the 
shell  during  Days  1-10)  were  the  first  ones  to  produce  larvae 
sometime  after  Day  120.  then  it  took  approximately  4  mo  to  com- 
plete the  cycle  at  17°C. 
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Figure  8.  Progress  of  newly  infested  animals  from  Treatment  B  in 
Dispersal  Experiment  1  after  termination  of  experiment  (indicated  by 
arrow). 
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TABLE  2. 

Larval  counts  from  filters  placed  at  the  outflows  of  engrossing 
raceway  tanks  containing  infested  abalone. 


Larval  Count  with  Pore  Size  of  (^m) 

Sample 

100                    58                    45                    32 

Timed  (Farm  1 ) 
5001  (Farm  2) 

0                     22                    0                     0 
0                       3                    1                     0 

Table  2  presents  the  results  of  the  filtering  experiment.  A  fairly 
high  degree  of  export  of  larvae  from  infested  raceway  tanks  oc- 
curred. The  tanks  contained  in  the  region  of  1,000  heavily  infested 
abalone  in  the  50-60  mm  size  class.  Most  larvae  were  caught  in  the 
58-|xm-pore-size  mesh. 

Fecundity 

Figure  9  compares  animals  from  the  laboratoiy  with  their  coun- 
terparts in  typical  high-density,  raceway  culture  conditions.  The 
count  of  larvae  per  centimeter  at  the  growing  edge  is  shown  above 
the  bars.  It  is  clear  that  the  animals  in  the  laboratory  had  lower 
infestation  rates  than  did  the  animals  from  the  raceway,  presum- 
ably because  the  worms  become  less  reproductive  in  the  labora- 
tory. This  suggestion  is  supported  by  the  observation  that  in  the 
raceway  there  were  far  more  larvae  per  adult,  and  eggs  outnum- 
bered adults. 

DISCUSSION 

When  the  sabellid  was  first  discovered  in  California  in  1993, 
concern  was  expressed  about  its  origins  and  how  it  came  to  be  on 
the  abalone  farms.  The  general  consensus  was  that  it  had  been 
introduced  from  elsewhere  because  it  could  not  be  found  in  wild 
abalone  stocks  in  California  (Kuris  and  Culver  unpubl.,  Laffeily 
and  Kuris  1996).  This  study  records  the  discovery  of  sabellids  in 
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Figure  9.  The  ratio  of  eggs  and  larvae  relative  to  adults  Is  recorded  for 
abalone,  which  had  been  used  as  subellid-source  animals  in  Dispersal 
Experiment  2  (Tanks  \,  H.  and  C).  Ihese  are  compared  with  animals 
of  the  same  cohort  that  had  remained  in  the  culture  raceways.  .Similar 
data  are  recorded  from  another  farm  where  some  animals  had  been 
moved  into  laboratory  conditions,  \alues  abo\e  the  bars  indicate  the 
larval  counts/cm. 


South  African  abalone  farms,  which  may  have  remained  unnoticed 
had  it  not  been  for  the  pronounced  effect  that  sabellid  infestation 
has  on  growth  rates  of  farmed  abalone.  Furthermore,  the  surveys  of 
populations  of  molluscs  on  the  South  African  coastline  reveal  that 
the  sabellid  is  endemic  to  South  Africa.  It  has  now  been  found  at 
every  site  sampled  along  the  coastline  from  Port  Nolloth,  on  the 
West  Coast,  to  Port  Elizabeth  on  the  East  Coast  (pers.  obs.).  Its 
range  limits  are  yet  to  be  determined.  Although  the  polychaete  is 
not  host  specific,  some  inollusc  species  seem  less  prone  to  infes- 
tation, presumably  because  of  environmental  factors  that  do  not 
favor  the  transfer  of  larvae.  For  example,  P.  granidaris  and  O. 
vanef;cihi.  which  are  high-shore  species  and  spend  a  considerable 
portion  of  time  exposed  during  tidal  cycles,  have  low  infestation 
rates.  Species  that  are  gregarious,  living  in  semisheltered  locations 
under  boulders  or  in  crevices,  such  as  species  of  Biirnapcna. 
Turbo,  and  Huliotis.  seem  to  be  most  susceptible  to  infestation. 
Both  T.  cidaris  and  T.  sannatUus  can  be  found  in  association  with 
juvenile  H.  midae.  creating  the  possibility  of  larval  transfer  be- 
tween species. 

Some  species  appear  to  have  resistance  to  infestation  that  can- 
not be  completely  explained  by  environmental  factors.  O.  sinensis. 
for  example,  can  be  found  in  association  with  T.  cidaris  and  ju- 
venile H.  nudiie.  but  does  not  acquire  infestations,  even  when 
exposed  in  a  laboratory  situation.  The  reasons  for  this  have  not  yet 
been  determined. 

Dispersal  of  larvae  is  an  important  consideration  for  farmers 
who  wish  to  prevent  larvae  from  entering  the  natural  environment. 
It  is  also  important  in  the  prevention  of  intrafarm  and  interfarm 
transfer.  Results  from  the  dispersal  experiment  have  shown  that 
transfer  of  infestation  is  very  rapid  when  animals  are  mixed.  If 
animals  are  separated  by  baskets,  or  similar  containers,  the  rate  of 
larval  transfer  can  be  reduced,  but  does  still  occur.  This  implies 
that  larvae  are  able  to  pass  through  the  water  column,  presumably 
after  being  dislodged  by  water  movement.  Larvae  were  never  ob- 
served swimming  naturally,  but  could  be  induced  to  do  so  when 
dropped  into  seawater,  after  which  they  sometimes  "swim"  at  the 
surface  attached  to  a  mucous  thread  until  they  reach  the  side  of  the 
container.  This  suggests  that  transfer  of  larvae  through  the  water 
column  is  possible,  but  that  the  chances  of  successful  transfer  of 
larvae  may  be  reduced  if  baskets  are  well  separated. 

Growth  rate  studies  confirmed  that  sabellid  infestations  reduce 
growth  rates  of  farmed  abalone.  Growth  is  influenced  because  of 
the  interference  caused  by  larvae  at  the  mantle-shell  interface,  but 
low  levels  of  infestation  do  not  appear  to  slow  growth  rates.  Pre- 
sumablv.  this  is  because  the  shell  deposition  can  continue  rela- 
tively unhindered  when  there  are  only  small,  isolated  pockets  of 
disturbance.  On  the  other  hand,  when  the  entire  shell  margin  is 
covered  by  larvae,  the  normal  process  of  linear  shell  deposition  is 
not  possible.  When  the  source  of  larvae  is  removed,  the  abalone 
can  revert  to  normal  growth  almost  immediately. 

In  managing  South  African  abalone  farms,  an  important  con- 
sideration should  be  to  prevent  transfer  of  infestations  within  ami 
between  farms.  Although  it  is  unknown  how  many  larvae  may 
enter  through  intlows.  a  filter  would  limit  the  introduction  of  sa- 
bellids. All  abalone  produced  on  farms  start  off  sabellid  free  (pers. 
obs.),  and  it  should  be  the  aim  to  keep  them  this  way  for  as  long 
as  possible.  For  this  reason,  infested  animals  should  be  kept  in 
separate  raceways.  If  animals  are  subdivided  within  baskets,  then 
iransfer  of  larvae  between  baskets  can  he  reduced.  It  is  common 
nraclicc  on  abalone  lariiis  to  mix  animals  from  \anous  cohorts  to 
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eft'cL'tively  use  space  during  the  size  grading  of  animals.  This 
practice  could  he  harmful  in  terms  of  sabellid  transfer  if  not  man- 
aged very  carefully.  .A  useful  tool  when  transferring  animals  is  to 
clean  tanks  with  a  freshwater  rinse,  to  kill  all  lar\ae  (Ciiher  el  al. 
1997). 

Good  tank  hygiene  is  also  impoilant.  When  tanks  are  kept 
clean,  there  is  less  particulate  matter  in  the  water  for  the  sabellids 
to  feed  on.  Thus,  even  though  there  may  be  many  adult  sabellids 
in  the  shells,  they  are  less  reproductive. 


Should  farmed  abalone  become  infested  by  sabellids.  a  treat- 
ment methodology  to  kill  them  when  they  reach  high  numbers 
v\ould  be  useful.  At  present,  we  are  de\eloping  a  treatment  using 
microencapsulation  technology,  which  exploits  the  difference  in 
the  feeding  mechanisms  of  abalone  and  sabellids.  The  sabellids  are 
filterfeeders.  v\  hereas  the  abalone  are  grazers.  It  may  be  possible  to 
encapsulate  a  toxin,  in  particulate  form,  that  will  only  target  the 
sabellids.  Results  have  been  promising,  and  we  believe  that  a 
treatment  should  be  available  in  the  near  future. 
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ABSTRACT  The  majority  of  the  abalone  hatchencs  in  California  are  now  plagued  by  an  introduced  shell-infesting  sabellid  poly- 
chaete.  which  in  extretne  cases,  causes  extensive  shell  deformities  and  greatly  retards  body  growth.  In  addition  to  the  adverse  effect 
on  the  abalone  aquaculture  industry,  there  is  concern  that  this  pest  may  become  established  among  native  stocks.  Efforts  to  exterminate 
mature  and  immature  stages  of  the  sabellid  have  focused  on  the  use  of  water-soluble  toxic  substances,  coating  shells  with  wax  or  other 
substances  to  smother  the  worms,  or  altering  the  osmotic  environment  without  causing  irreversible  injury  to  the  abalone.  These 
approaches  have  not  provided  a  dependable  method  for  control  of  the  polychaete.  Exposure  of  sabellid-mfested  green  and  pmk  abalones 
[Haliolis  fulgens  and  Haliotis  corruifaia)  to  temperatures  near  but  below  their  upper  thermal  limits  has  produced  the  desired  results. 
A  4S-h  exposure  to  28.5°C  has  effectively  killed  all  life  stages  of  the  sabellids  but  caused  only  minor  monality  among  the  abalone. 
An  LD,!,.  48-h  upper  limit  for  H.fiilgens  was  confirmed  at  31.5°C;  that  for  H.  corrugata  was  established  at  30.3°C.  Treated  abalone 
placed  in  optimally  circulated  seawater  and  fed  the  standard  food.  Egregia  menziesii.  resumed  normal  growth  and  thenceforth  displayed 
no  further  symptoms  of  sabellid  infestation.  The  method  is  fully  compatible  with  life  requirements  of  the  green  and  pink  abalones.  but 
would  not  be  suitable  for  treatment  of  species  (e.g.,  Haliotis  riifcscens)  known  to  have  upper  lethal  limits  well  below  28°C. 
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INTRODUCTION 

The  majority  of  abalone  hatchenes  in  California  have  been 
plagued  by  a  yet  undescribed  shell-infesting  sabellid  polychaete. 
This  ectoparasite,  thought  to  have  been  introduced  in  the  late 
1980s  to  a  California  aquaculture  facility  on  shells  of  imported 
South  African  abalone,  Haliotis  midae  Linnaeus,  1758.  has  been 
spread  to  other  hatcheries  by  sharing  of  abalone  stock  (Culver  and 
Kuris  1995).  The  minute  worm  (1-3  mm)  establishes  itself  as  a 
larva  on  the  abalone  host  immediately  between  the  mantle  and  the 
interior  nacreous  surface,  selecting  a  location  near  the  growing 
margin  of  the  shell  or  elsewhere  at  a  site  of  active  nacre  deposition 
(e.g..  the  respiratory  pores).  Larval  worms  appear  to  become  en- 
sheathed,  perhaps  through  induction  of  the  mantle  to  deposit  thin 
layers  of  nacreous  material.  In  severe  cases,  wherein  a  2-3  cm 
juvenile  abalone  may  harbor  dozens  of  individual  sabellids,  normal 
deposition  of  shell  material  (aragonitic  nacre  and  calcific  os- 
tracum)  is  hindered.  Nacreous  layers  continue  to  be  deposited, 
creating  a  thickened  shell,  but  marginal  increment  is  curtailed. 
Under  these  conditions,  growth  of  body  tissue  appears  also  to  be 
greatly  decreased  or  stopped  altogether. 

Sabellid  infestation  has  become  a  major  concern  among  cul- 
turists  who  have  experienced  drastic  reduction  in  productivity  and 
marketability  of  cultured  products  as  abalone  growth  rate  declines 
and  shell  morphology  becomes  grossly  abnormal.  The  possibility 
of  introduction  of  this  pest  into  native  populations  of  abalone  (and 
other  mollusks)  is  a  serious  threat.  The  polychaete  and  its  associ- 
ated epidemiology  have  become  the  center  of  several  investiga- 
tions in  California,  ranging  from  biological  and  life  history  studies 
to  searches  for  methods  to  eradicate  the  worm  (Culver  and  Kuris 
1995,  Oakes  and  Fields  1994,  Trevelyan  1995).  Taxonomic  study 
and  description  of  this  annelid  are  in  progress  by  Kirk  Fitzhugh, 
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Los  Angeles  County  Museum  of  Natural  History  (Culver  and 
Kuris  1995). 

Efforts  to  exterminate  mature  and  immature  stages  of  the  sa- 
bellid have  focused  on  use  of  water-soluble  toxic  compounds, 
coatings  of  shell  with  paraffin,  wax,  and  other  materials  to  smother 
the  worms  (Oakes  and  Fields  1994,  Trevelyan  et  al.  1994,  Treve- 
lyan 1995),  or  alteration  of  the  osmotic  environment  without  caus- 
ing stress  or  irreversible  injury  to  the  abalone.  These  approaches 
have  not  provided  a  dependable  method  for  control  of  the  poly- 
chaete. Generally,  the  worms  have  proved  more  resistant  than  the 
abalone. 

The  possibility  for  control  by  noninvasive  approaches  (no  toxic 
therapeutants)  may  exist  wherein  an  environmental  factor  is 
changed  that  exerts  a  more  stressful  action  on  the  worm  than  on  the 
abalone.  In  this  category  are  temperature  and  salinity.  This  study 
examines  the  effect  of  warm  seawater  on  both  ectoparasite  and 
host. 

Earlier  study  of  temperature  tolerance  in  young  stages  of  Cali- 
fornia abalones  has  shown  the  green  abalone,  Haliotis  fulgens 
Philippi,  1845,  to  be  tolerant  of  temperatures  exceeding  28°C 
(Leighton  1974)  with  an  LD,„  (48  h)  for  juveniles  of  31.5°C 
(Leighton  et  al.  1981.  Leighton  1985).  Preliminary  observations  on 
thermal  tolerance  of  adult  sabellids  suggested  exposure  to  tetn- 
peratures  above  29°C  to  be  lethal  to  the  polychaetes  if  extended 
over  a  1-2  day  period.  Accordingly,  a  series  of  tests  were  carried 
out  with  heavily  infested  juvenile  and  young  adult  green  abalone  to 
establish  an  effective  themial  exposure  sublethal  for  the  abalone 
but  lethal  to  all  life  stages  of  the  sabellid  (adults,  immature  ten- 
tacled  stages,  larvae,  and  eggs).  Although  this  study  focused  on  the 
green  abalone.  a  limited  number  of  infested  juvenile  pink  abalone, 
H.  corrugata  Wood.  1828,  became  available  and  were  subjected  to 
heat  treatments.  This  abalone  is  also  tolerant  of  water  temperatures 
in  the  range  28-30°C  (Leighton  1974). 

The  presence  of  sabellid  polychaete  worms  was  first  detected  in 
abalone  production  raceways  of  Carlsbad  Aquafarm  in  December 
1995.  Attempts  were  made  promptly  to  place  all  infested  stock  into 
isolation  tanks  well  away  from  the  primary  nursery  and  hatchery 
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tunks.  The  latter  were  then  sterilized  with  sodium  hypochlorite, 
followed  by  dechlorination  with  sodium  thiosulfate.  The  isolation 
tanks  served  as  a  source  of  experimental  material  with  which  to 
conduct  this  study. 

MATERIALS  AND  METHODS 

Treatment  of  Infested  Abalone 

Groups  of  juvenile  and  young  adult  abalone  produced  at  the 
Carlsbad  Aquafarm  hatchery  and  visibly  infested  with  the  sabellid 
were  placed  in  a  pen  of  12-mm-pore-size  polyethylene  mesh, 
which  was  in  turn  immersed  in  a  tank  holding  20  L  of  seawater. 
Temperature  was  controlled  with  a  submersible  aquarium  heater 
(Jager.  EB  150-W,  holding  water  temperature  constant  within 
±0. 1°C).  Temperature  settings  ranged  from  27  to  32°C  for  this 
series.  A  registering  maximum/minimum  immersible  thermometer 
was  routinely  used  to  reveal  any  unexpected  water  temperature 
changes:  none  occurred  throughout  the  study.  Aeration  was  vig- 
orous. Depending  on  abalone  size,  numbers  per  group  typically 
ranged  from  20  (abalone  larger  than  3  cm)  to  200  (abalone  1-3 
cm).  Most  thermal  exposure  experiments  were  of  48-72  h  duration 
but  some  were  extended  to  144  h  and  longer.  Water  was  partially 
exchanged  once  daily.  In  some  runs,  shells  of  infested  abalone 
were  removed  to  be  exposed  to  elevated  temperatures  in  the  ab- 
sence of  live  abalone  tissue  ("shells  only"  series). 

Samples  of  abalone  were  taken  at  the  beginning  of  each  run  and 
at  regular  daily  intervals  throughout  each  experiinent.  The  effec- 
tiveness of  the  thermal  treatments  was  assessed  by  the  condition  of 
sabellids  on  microscopic  examination  of  shells  freshly  separated 
from  soft  body  parts.  This  was  done  because  observations  were 
greatly  facilitated  with  nonmoving  subjects.  Both  interior  and  ex- 
terior surfaces  of  shells  were  examined  immersed  in  seawater  un- 
der a  high-magnification  stereoscopic  dissection  microscope 
equipped  with  fiberoptic  illumination.  Moribund  polychaetes  that 
had  been  exposed  to  the  high  temperatures  were  generally  lethar- 
gic, presented  contorted  tentacles,  rarely  withdrew  into  tubules, 
and  could  be  teased  out  of  tubules  with  a  "hog's  eyelash,"  a 
toothbrush  bristle  mounted  on  a  thin  applicator  stick.  As  a  more 
invasive  procedure,  a  ceramic  tile  clipping  tool  was  used  to  frag- 
ment samples  of  shell  material  for  detailed  study  of  intact  sabellid 
adults,  larvae,  and  eggs. 

After  heat  treatments,  abalone  remaining  (not  sacrificed  for 
samples)  were  consistently  placed  in  separate  tanks  with  flowing 
ambient  seawater  for  observations  to  confirm  sabellid  mortality 
(including  destruction  of  eggs)  over  intervals  of  1-2  mo.  Longer 
term  monitoring  was  done  routinely  on  all  treated  stocks  and  in- 
volved many  hundreds  of  samples  taken  over  a  period  exceeding 
18  mo. 

An  accompanying  series  of  tests  was  run  with  shells  freshly 
removed  from  infested  abalone.  These  "shells  only"  observations 
sought  to  determine  the  temperature  tolerance  of  sabellid  worms 
without  the  possible  influence  of  fluids  eminating  from  stressed  or 
moribund  abalone. 

Treatment  of  Broodsluek  (6-12  cm) 

Cultured  abalone  2-3  y  of  age  retained  as  broodstock  were  also 
subjected  to  heat  exposure  treatirents  to  ensure  their  sabellid-free 
status.  These  groups  were  subjected  to  spawn  induction  procedures 
2-4  mo  after  treatment  to  establish  the  effect  of  the  heat  treatments 
on  gametogenesis  and  i;onad  inaluration. 


Observations  on  Extracted  Live  Sabellids 

Thermal  tolerance  in  larval,  immature,  and  adult  sabellids  was 
examined  with  a  constant  temperature  block  (Temp-blok  Module 
Heater,  Scientific  Products,  Inc.)  accomiuodating  a  series  of  test 
tubes  (10  X  100  mm).  Larvae  (600-800  (xm)  were  collected  by 
pipette  after  being  teased  from  crushed  shell  fragments  immersed 
in  seawater  in  a  petri  dish.  These  individuals  were  admitted  singly 
into  tubes  to  constitute  groups  of  four  to  five.  More  advanced 
sabellid  stages  were  usually  included  in  fragments  of  shell.  Typi- 
cally, five  tubes  were  used;  at  intervals  throughout  an  experiment, 
contents  of  separate  tubes  were  examined  in  seawater  under  a 
high-power  dissection  microscope  equipped  with  dual  fiberoptic 
illuminators.  Exposure  time  to  death  was  recorded;  the  endpoint 
w  as  judged  by  cessation  of  motion,  development  of  abnormal  mor- 
phology or  disintegration,  and  finally,  lack  of  recovery  after  hold- 
ing at  ambient  temperature  for  12  h.  Temperature  effects  on  mor- 
tality of  extracted  sabellids  were  observed  at  a  series  of  tempera- 
ture settings  from  30  to  36°C. 

RESULTS 

Treatment  of  Infested  Abalone 

Over  the  course  of  18  mo.  over  50  group  treatments  were 
conducted.  Collectively,  this  included  over  2,250  juvenile  and 
young  adult  Halintis  fiilgcns  and  about  100  juvenile  H.  torrii}>ata. 
Data  on  heat  treatments  for  sabellid  mfestations  in  H.  fulgens 
indicate  that  exposure  of  48  h  to  28.5°C  was  sufficient  to  cause 
100%  mortality  to  the  polychaetes.  Shorter  exposures  to  higher 
temperatures  (e.g.,  a  24-h  exposure  to  29.5°C)  were  also  fully 
effective.  Results  for  observations  over  the  range  27-30°C  are 
summarized  in  Table  1  and  presented  graphically  in  Figure  1. 

In  these  thermal  exposure  experiments,  H.  fulgens  displayed 
high  tolerance  to  temperatures  up  to  30"C,  but  an  increasing  in- 
tolerance to  temperatures  above  30°C.  Under  the  conditions  of 
these  experiments,  rapid  immersion  of  abalone  in  seawater  at  tem- 
peratures 32-33°C  caused  excessive  mucous  production,  which 
soon  fouled  the  water  and  increased  abalone  mortality.  Thus, 
longer  term  exposure  to  lower  temperatures  was  indicated  to  be 
most  practical  for  heat  treatments.  Routinely,  at  the  onset  of  each 

TABLE  1. 

Condition  of  sabellid  polychaetes  after  consecutive  24-h  exposures  to 
a  series  of  temperatures. 


Temperature 
Range 

CO 


No.  of 

Observations 

(Total  Abalone) 


Hours 


24       48       72       96       120       144 


27.0-27.4 

2(45) 

1 

1 

27.5-27.9 

5(301) 

1 

1 

28.0-28.4 

4(255) 

T 

3 

28.5-28.9 

6 (300) 

3 

4 

29.0-29.4 

4 (335) 

3 

4 

29.5-29.9 

4(175) 

4 

Condition  of  polychaetes  was  established  by  microscopic  examination. 
Results  were  graded  as  follows:  1.  sabellids  appeared  and  behaved  nor- 
mally; 2.  relaxed,  slow  to  withdraw  inio  lubulcs  on  probing;  3.  no  response 
10  probing,  tentacles  swollen  with  tightly  curled  lips,  worms  easily  ex- 
tracted from  tubules  with  a  fine  probe;  4,  sabellids  dead,  deformed,  and 
tiecnni  posing. 
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Figure  1.  Time  to  total  mortality  of  sabellid  polychaetes  as  a  function 
of  temperature  in  the  range  27-30  C.  A  recommended  treatment  in- 
terval is  indicated  as  a  safety  margin  to  ensure  eradication  of  sabellid 
adults,  larvae,  and  eggs. 

treatment  observation,  temperature  was  brought  up  to  the  desired 
level  from  ambient  over  a  period  of  about  2  h. 

Observations  with  H.  conugahi  were  more  incidental  to  the 
focus  on  H.  fulgens,  owing  to  the  few  infested  juveniles  of  the 
former  available  during  the  course  of  this  study.  Pink  abalone  often 
survived  exposures  comparable  to  those  imposed  on  green  aba- 
lone.  Groups  (n  =  4-8)  of  cultured  juvenile  pink  abalone  2^  cm 
held  at  29.8X  for  48  h  all  survived.  Those  held  for  48  h  at  3I.5°C 
died.  Observations  on  groups  held  at  30-3 1°C  recorded  some  mor- 
tality. By  interpolation,  an  LD,,,  (48  h)  of  30.3°C  is  defined  for 
juvenile  H.  conugatu. 

Observations  on  Extracted  Sabellids 

To  examine  the  effect  of  short-term  exposure  of  the  polycha- 
etes to  temperatures  above  30°C.  individual  sabellid  larvae  and 
immature  and  adult  stages  were  placed  by  pipette  or  in  small 
fragments  of  infested  shell  in  a  series  of  tubes  in  a  constant  tem- 
perature block.  At  intervals  of  30  min  ( 35-36' C)  to  2  h  (30-3rC). 
contents  of  tubes  were  examined  under  a  high-power  dissection 
microscope.  At  the  highest  temperatures,  sabellids  quickly  becaine 
lethargic  and  displayed  stress  symptoms.  Irreversible  effects  oc- 
curred within  30  min  at  36°C.  Comparable  conditions  occurred  at 
1-2  h  at  33-34-C  and  at  2-6  h  in  the  range  30-32"C  {Table  2). 

Trealmenl  of  Broodstock 

Five  groups  (n  =  20-30)  of  young  adult  green  abalone  (5-13 
cm)  subjected  to  heat  treatment  at  28.5-28.9°C  for  72  h  were 


TABLE  2. 

Observations  on  extracted  sabellids  exposed  to  temperatures  above 
3()C. 


Temperature 

No.  of 

Hours 

Range 

Observations 

(X) 

(Total  Worms! 

0.5 

I 

2 

3 

4 

5 

6 

7 

30.0-30.9 

5(24) 

2 

3 

3 

4 

31.0-31.9 

5  (20) 

2 

2 

3 

4 

32.0-32.9 

5(22) 

1 

2 

2 

3 

4 

33.0-33.9 

5  (20) 

2 

3 

4 

4 

34.0-34.9 

5(18) 

3 

4 

4 

.35.0-35.9 

5  (16) 

3 

4 

36.0-36.9 

5  (18) 

4 

4 

Scores  as  defined  in  Table  \. 

placed  in  a  broodstock  maintenance  tank  for  spawning  at  a  later 
date.  A  first  attempt  to  induce  spawning  in  these  animals  1  mo 
after  heat  treatment  yielded  active  and  apparently  viable  sperm,  but 
ova  were  distinctly  abnormal.  Zygotes  displayed  atypical  devel- 
opment, and  larvae  did  not  survive.  A  second  spawn  induction  3 
mo  after  treatment  was  successful;  larvae  were  entirely  normal, 
and  postlarvae  completed  metamorphosis  with  development  pro- 
gressing through  juvenile  stages. 


1/)       Acclimation  Effects 


Observations  during  fall  and  winter  months  when  ambient  wa- 
ter temperature  was  in  the  range  14-I8°C  indicated  that  cold- 
acclimated  abalone  were  more  sensitive  to  temperatures  above 
29°C.  Survival  of  H.  fulgens  and  H.  corrugata  subjected  to  heat 
treatments  in  the  range  28-30°C  was  80-90%  (48  h)  during  late 
fall,  winter,  and  early  spring,  but  was  95-100%  during  the  warm 
season.  Upper  thermal  tolerance  limits  appeared  to  be  lowered  by 
1-2°C  when  compared  with  summer  results  (ambient  temperature 
range,  20-24°C).  Drawing  on  data  gained  in  this  study,  upper 
limits  (in  terms  of  LD,;,,,  48  hi  for  green  and  pink  abalone  during 
the  cold  season  appeared  to  be  approximately  30°C  for  H.  fulgens 
and  29°C  for  H.  corrugata.  The  subject  of  thermal  acclimation  will 
be  explored  in  our  laboratory  throughout  the  next  year. 

No  remarkable  change  in  sensitivity  of  the  sabellid  with  season 
was  detected.  Its  LD„,,  48-h  limit  is  indicated  to  be  28.3  ±  0.2°C. 

Monitoring  for  the  Effectiveness  of  Heat  Treatments 

Treated  abalone  were  routinely  placed  after  heat  exposure  into 
a  series  of  isolated  tanks  provided  optimally  circulated  seawater  at 
ambient  temperatures  and  fed  the  standard  dietary  element,  the 
kelp  Egregia  menziesii  Areschoug.  1 876.  These  abalone,  observed 
over  a  period  of  1-2  mo,  resumed  normal  growth  and  thenceforth 
displayed  no  further  symptoms  of  active  sabellid  infestation  (Fig. 
2).  Long-term  observations  on  shells  of  formerly  treated  abalone 
involved  examination  of  many  hundreds  of  individuals  in  raceway 
and  suspended  barrel  culture  units  at  the  Carisbad  Aquafarm. 
Throughout  the  full  18-mo  study,  not  a  single  incidence  of  active 
(live)  sabellid  infestation  was  found  in  abalone  that  had  been  sub- 
jected to  thorough  heat  treatment  at  the  dosages  defined  in  this 
report.  This  is  considered  to  constitute  unequivocal  evidence  sup- 
porting the  success  of  the  heat  treatments  in  eliminating  eggs  as 
well  as  larvae  and  adults  of  this  sabellid. 
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Figure  2.  Heat-treakd  sal)ellitl-inrf>(ed  II.  jiil)>e)ts  \\\i\\  signature  ol 
recovery  growth.  The  arrow  marks  the  point  of  heaviest  sabeilid  in- 
festation at  the  time  of  heat  treatment.  Note  crowding  of  growth  lines 
and  "downward"  growth  of  shell  during  infestation.  Recovery  of  nor- 
mal growth  was  evident  within  1  wk  after  treatment.  Subsequent 
growth  (18  mm,  marginal  increment)  occurred  over  a  3-mo  period 
(spring  1997). 

DISCUSSION 

Infestation  by  the  inlioduced  sabeilid  polychaete  has  reached 
epidemic  proportions  in  several  red  abalone  culture  facilities  in 
California.  Efforts  to  isolate  the  ectoparasite  within  the  aquaculture 
system  have  been  costly  but  essential  to  curb  further  spread  and 
regain  the  level  of  productivity  necessary  to  support  the  enterprise. 
New  regulations  by  the  California  Department  of  Fish  and  Game 
pertaining  to  this  problem  require  that  those  facilities  affected  by 
the  sabeilid  dispose  of  infested  stock  and  sterilize  tanks  and  water- 
conducting  elements  (pumps,  water  lines,  filters,  etc.)  Further- 
more, to  prevent  establishment  of  the  worm  among  native  biota, 
effluent  lines  and  discharge  areas  must  be  treated  to  exterminate 
any  remaining  sabellids. 

It  was  the  goal  of  this  study  to  develop  a  means  to  control  this 
sabeilid  species  by  exceeding  its  thermal  tolerance  limits  while 
maintaining  temperatures  still  within  a  thermal  range  compatible 
with  normal  health  of  these  abalone  species.  It  was  considered  of 
primary  importance  to  define  the  fully  effective  levels  for  thermal 
exposure  for  destruction  of  the  sabeilid  (adults,  larvae,  and  eggs) 
and  yet  produce  the  least  mortality  to  the  abalone.  Data  were 
gathered  for  exposures  to  produce  a  complete  kill  ( l()09f  mortal- 
ity) of  the  polychaetes. 

The  upper  thermal  physiological  limit  (expressed  as  exposure 
for  48  h)  for  this  species  of  sabeilid  polychaete  appears  to  fall 
between  28.0  and  28.5°C.  This  is  about  3"C  below  the  limit  for  H. 
fulgens  and  about  2°C  below  that  for  H.  coirugata  (Fig.  3).  Al- 
though close,  the  tolerance  limits  for  the  polychaete  are  exceeded 
before  those  for  these  two  species  of  abalones.  Accordingly,  ther- 
mal exposure  at  levels  sublethal  for  green  and  pink  abalones  can  be 
used  to  selectively  destroy  the  sabellids  when  infesting  these  aba- 
lones. This  approach  would  not  be  appropriate  for  treatment  of 
sabeilid  infestations  in  cold  water  abalone  such  as  //,  nifcsci'iis 


°c 

ESTIMATED  LD  ;„  (48  hr)  FOR  SABELLID 
AND  ABALONES 

Figure  3.  Estimated  LDj,,  (48  hi  for  the  sabeilid  polychaete  and  two 
species  of  abalones.  llpper  thermal  limits  for  abalone  from  data  on 
summer-acclimated  animals. 

Swainson,  1822,  which  are  injured  by  water  temperatures  above 
25°C  if  prolonged  over  several  hours.  However,  application  of  the 
niethod  to  control  sabeilid  infestations  in  tropical  abalone  species 
in  culture  (e.g.,  Haliatis  asinina  Linnaeus,  1758  and  Haliolis  di- 
vcrxicdlar  supertexta  Lischke,  1870)  should  be  highly  effective. 

Heat  treatments  carried  out  during  warm  water  periods  (May  to 
October)  produced  significantly  lower  mortality  at  2y-30°C  in 
both  abalone  species  than  were  found  during  the  cold  water 
months  (November  to  April).  This  result  may  be  attributed  to 
elevated  temperature  acclimation  in  H.  fulgens  and  H.  coirugata. 
However,  it  should  be  stated  that  as  the  supply  of  sabellid-infested 
stock  became  exhausted  by  midspring  1997.  abalone  subjected  to 
thennal  tolerance  runs  to  establish  or  confirm  upper  lethal  limits 
were  normal  and  healthy  specimens.  The  possibility  remains  that 
physiological  stress  resulting  from  sabeilid  infestation  may  in 
some  manner  affect  thennal  tolerance  by  the  abalone.  Lower  sur- 
vival rates  found  for  H.  fulgen.s  and  H.  conugata  given  exposures 
of  24-48  h  to  28-29°C  may  be  an  effect  of  both  low  temperature 
acclimation  and  high  sabeilid  infestation  levels.  Resolution  of  this 
problem  will  require  additional  research. 

CONCLUSIONS 

This  shell-infesting  polychaete  may  be  controlled  by  exposure 
to  seawater  warmed  to  28-29°C  for  a  period  of  48  h.  It  is  recom- 
mended that  in  practice  an  additional  half-day  be  given  this  treat- 
ment period  as  a  margin  of  safety.  The  inter\  al  may  be  reduced  as 
yet  higher  temperatures  are  used.  However,  exposure  of  only  a  few 
hours  to  temperatures  above  32°C  will  adversely  affect  both  green 
and  pink  abalones. 

Observations  on  thermal  limits  over  short  exposure  intervals 
for  the  sabeilid  worm  indicated  that  I  h  at  35""^  or  2  h  at  33°C  were 
lethal.  Pink  and  green  abalone  juveniles,  however,  have  not  sur- 
vived these  exposures.  Sensitivity  of  abalone  to  elevated  tempera- 
tures appears  to  increase  during  cold  water  months.  I  did  not  find 
evidence  for  temperature  acclimation  in  sabellids.  It  is  recom- 
mended that  thermal  treatment  for  afflicted  abalone  during  sum- 
mer be  maintained  at  29-30°C  (at  least  48  h),  and  for  winter  at 
27-28°C  (at  least  48  h),  to  effect  a  100%  kill  of  sabellids  but 
produce  the  least  stressful  conditions  for  the  abalone.  The  de- 
scribed thermal  treatment  is  fully  effective  for  control  of  this  sa- 
beilid in  infested  green  and  pink  abalones  and  other  relatively 
warm  water  species,  but  it  is  an  inappropriate  therapy  for  use  with 
cold  water  abalones  such  as  Hciliotis  niff.sccii.s. 
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ABSTRACT  Since  first  observed  in  the  summer  of  1993.  a  senous  pustule  disease  has  spread  among  several  ahalone  hatcheries  in 
the  Dalian  area.  It  affects  different  growth  stages  of  the  abalone.  Monahty  has  been  as  high  as  50-609f.  Three  strains  of  bacteria  (D, 
T.  and  N)  were  obtained,  isolated,  and  purified  from  the  Aquacultural  Company  of  Dalian  (D),  the  Aquacultural  Company  of  Precious 
Sea  Food  of  the  Pacific  Ocean  (T).  and  the  Dalian  New  Harbor  Aquacultural  Company  (N).  Observation  by  electron  microscopy 
showed  that  the  three  strains  were  all  short  rod  bacteria  with  a  single  polar  tlagellum.  They  all  grew  in  1  %  tryptone  water  in  the  ranges. 
15^2°C:  salinity.  0-70%r;  and  pH.  5.5-1 1.  Physiological  and  biochemical  analyses  gave  the  same  result  as  in  an  earlier  study  by  the 
authors.  The  bacteriophage  of  the  D  strain,  which  was  isolated  by  the  authors  (reported  elsewhere)  could  propagate  and  replicate  on 
the  N  and  T  strains.  Thus,  the  three  strains  are  concluded  to  belong  to  the  same  species  of  bacteria,  one  earlier  identified  as  Vibrio 
flmialis-U.  Results  of  experimental  tnals  indicated  that  the  pustule  disease  is  transmitted  through  lesions  in  the  foot.  Infection  quickly 
followed  intramuscular  injection.  Infection  did  not  result  when  bactena  were  included  in  the  food  or  when  present  in  the  surrounding 
seawater. 

KEY  WORDS:     Haliotis  discus  hammi.  pustule  disease.  Vibrio  fliniulis  II 


INTRODUCTION 


METHODS 


In  September  1993.  both  wild  and  cultured  abalone  (3-8  cm 
shell  length)  held  at  the  Dalian  Aquacultural  Company  were  found 
to  have  an  infection  that  has  become  known  as  the  pustule  disease. 
Mortality  has  exceeded  60%.  We  found  only  one  strain  of  bac- 
teria by  isolation  (Liu  et  al.  1995)  and  identified  the  pathogen 
at  the  Institute  of  Microbiology.  Chinese  Academy  of  Sciences. 
as  Vibrio  fliiviatis-U  (a  second  type  of  V.  fliivialis).  In  1994  and 
1995.  many  companies  along  the  Dalian  coast  became  infected 
with  this  disease  and  suffered  substantial  economic  hardships. 
Although  the  new  cases  of  abalone  pustule  disease  have  the 
same  clinical  symptoms  as  those  from  the  previous  case  (Li  et  al. 
1997c).  the  three  strains  of  bacteria  recently  isolated  are  now 
resistant  to  commonly  used  antibiotics  and  have  different  sen- 
sitivities to  a  series  of  antibiotics  (Li  et  al.  1996).  In  an  effort 
to  determine  whether  the  causative  bacterium  has  become 
resistant  to  treatment  or  the  disease  has  multiple  causes,  we 
have  designed  experiments  to  aid  in  confirmation  of  the  identity 
of  the  bacterial  strains.  Furthermore,  we  needed  to  demon- 
strate transmissibility  of  the  disease  by  these  strains.  We  have 
carried  out  extensive  studies  concerning  diagnosis,  prevention, 
and  control  of  this  disease  (Li  et  al.  1996,  Li  et  al.  1997a,  Li  et  al. 
1997b).  Another  "pustule  disease""  has  been  reported  in  aba- 
lone in  South  Australia  (Lester  et  al.  1981,  Lester  1986,  Lester 
et  al.  1990,  Goggin  et  al.  1995).  but  in  that  instance,  the  disease 
was  caused  by  an  apicomplexan  protist  parasite,  Perkinsus  sp.. 
and  the  clinical  signs  involved  yellow  pustules,  not  white  pus- 
tules. 


Animals 

Both  healthy  and  diseased  abalone  (320  specimens,  3-8  cm 
shell  length)  were  obtained  from  the  Dalian  Aquacultural  Com- 
pany (D),  the  Aquacultural  Company  of  Precious  Sea  Food  of  the 
Pacific  Ocean  (T).  and  the  Dalian  New  Harbor  Aquacultural  Com- 
pany (N).  Abalone  were  held  in  lO-L  aquaria  and  received  natural 
seawater  filtered  by  sand  and  maintained  at  20°C.  Abalone  were 
fed  daily  with  an  artificial  diet  prepared  by  the  authors. 

Bacterial  Isolation 

Hemolymph  was  withdrawn  by  syringe  from  the  diseased  aba- 
lones"  hearts  which  had  been  washed  with  sterile  2%  physiological 
saline  3  or  4  times,  and  then  washed  with  70%  alcohol.  In  addition, 
pieces  of  foot  (healthy  and  diseased),  mantle  and  digestive  tissues 
were  excised,  rinsed  in  sterile  2%  saline  and  homogenized.  The 
homogenates  were  diluted  10-fold  before  inoculation  on  a  seawa- 
ter-tryptone-beef  broth-agar  medium  (SWTBA  medium,  chemical 
reagent  store  of  Dalian).  Plates  were  incubated  at  24— 37°C  for  2-^ 
days.  The  most  prevalent  colony  types  were  subcultured  in  beef 
broth  and  tryptone  liquid  mediutn  and  lyophilized  for  storage.  All 
media  were  augmented  with  2%  NaCI. 

Characterization  of  Bacterial  Growth 

In  order  to  evaluate  the  influence  of  temperature  ( 1 5-42°C).  pH 
(6-11).  and  salinity  (0-7%  NaCI)  on  growth  of  the  bacterium,  the 
isolate  was  cultured  in   I7r  tryptone  broth  ±2%  NaCI  for  24  h. 


707 


708 


Ll  ET  AL. 


Bacterial  growth  was  estimated  by  temporal  comparisons  of  ab- 
sorbance  readings  at  560  nm  (Ajf,;,)  (Nie  et  al.  1995). 

Experimental  Transmission  of  llie  Three  Strains 

The  following  experiments  were  conducted  to  determine  the 
mode  of  infection  and  infectivity  of  the  three  strains.  E.xperimentai 
and  control  groups  (A  and  B)  were  held  separately  in  10-L  tanks 
(10  or  12  abalone/tank)  supplied  with  filtered  seawater  as  de- 
scribed above. 

Transmission  by  Inoculation 

One  hundred  eighty  abalone.  divided  into  three  groups  for  the 
three  strains  and  five  subgroups  for  each  strain,  were  injected 
intramuscularly  at  one  site  on  the  foot  with  a  total  volume  of  0.1 
niL  of  physiological  saline  containing  2.0  x  10'.  2.0  x  10"^.  2.0  x 
I0'\  2.0  X  10"*.  or  2.0  x  lo"^  of  the  three  strains  of  bacterial  cells, 
respectively.  The  control  group  (20  abalone)  was  injected  with  the 
same  volume  of  sterilized  seawater.  Injected  groups  of  abalone 
were  placed  in  lO-L  seawater  tanks.  The  abalone  were  examined 
everyday,  and  dead  individuals  were  removed,  examined,  and  re- 
corded. The  seawater  in  each  tank  was  changed  daily  (Hervio  et  al. 
1996). 

Transmission  Through  Cuts  or  Lesions 

Thirty  abalone  (divided  into  three  groups)  were  cut  (1  mm 
deep,  3  mm  long)  at  five  or  more  sites  on  the  foot.  The  wounded 
abalone  were  placed  by  group  in  a  seawater  tank  containing  about 
2  X  10"  cells/mL  in  a  suspension  of  tested  bacteria.  The  suspension 
of  bacteria  was  added  daily  after  a  seawater  change  and  maintained 
tor  7  days.  The  incubation  conditions  and  examinations  were  simi- 
lar to  those  used  for  the  injection  tests.  Replicate  tanks  holding 
groups  of  abalone  with  cuts  on  the  foot  but  without  introduction  of 
the  bacteria  suspension  were  set  up  for  these  experiments  as  con- 
trol groups. 

Transmission  by  Ditt 

Thirty  abalone  (divided  into  three  groups)  were  placed  in  three 
tanks  containing  filtered  seawater.  The  abalone  were  fed  daily  with 
an  artificial  diet  infused  by  2  x  10'  bacterial  cells/mL  (D.  N.  and 
T  strains).  Maintenance  procedures  were  similar  to  those  used  for 
the  above  tests.  The  control  group  was  fed  the  standard  diet  with- 
out infusion  of  bacteria. 

Transmission  by  Bath  Exposure 

Thirty  healthy  abalone  (divided  into  three  groups)  were  placed 
in  three  seawater  tanks  containing  2.0  x  10"^  cells/mL  in  the  bac- 
teria suspension  and  maintained  for  7  days.  The  incubation  con- 
ditions, and  the  examination  and  maintenance  procedures,  were 
similar  to  the  other  experiments.  Ten  abalone  were  placed  in  a 
seawater  tank  without  the  bacteria  as  a  control  group. 

The  bacterial  suspension  was  diluted  with  sterilized  seawater 
until  there  were  approximately  10^  cells/mL.  as  determined  with  a 
hemocytometer.  Each  day.  the  abalone  were  examined  with  a  dis- 
secting microscope.  Any  moribund  abalone  were  removed,  and 
their  foot  tissues  were  examined  for  pathogenic  bacteria  with  both 
a  light  microscope  and  a  transmission  electron  microscope.  After 
the  abalone  were  examined,  the  seawater  in  each  tank  was 
changed.  Monitoring  of  abalone  in  the  various  experiments  was 
continued  for  at  least  .■^O  days. 


RESULTS 

Isolation  of  V.  fluv  iaiis-// 

The  isolation  procedures  indicated  that  using  the  SWTBA  me- 
dium was  the  best  and  simplest  method  for  isolating  large  numbers 
of  viable  and  infective  bacteria.  Eariy  in  the  infection  period,  there 
were  no  obvious  pustules  on  the  foot  of  the  abalone:  the  foot  tissue 
was  the  best  location  for  isolating  the  bacteria.  After  1  mo  or  more, 
we  could  isolate  the  V.  fluvialis-ll  from  any  tissue  of  diseased 
abalone.  The  isolation  of  V.  fliivialis-ll  has  allowed  us  to  conduct 
preliminary  studies  on  the  mode  of  transmission,  other  analyses, 
and  maintenance  of  the  bacteria  in  the  laboratory.  The  bacteria 
isolated  from  the  abalone  taken  from  D  company  were  marked  as 
"D  strain";  in  the  same  way.  the  other  two  strains  were  designated 
as  the  'T  strain"  and  the  "N  strain." 

Characterization  of  Bacterial  Growth 


Size 


The  mean  size  of  the  three  strains  cultured  in  SWTBA  medium 
remained  almost  the  same  during  growth.  Formalin  fixation  did  not 
have  a  measurable  effect  on  the  morphology  of  the  cultured  V. 
fluvialis-ll.  A  sample  of  100  specimens  from  each  strain  had  mea- 
surements of  0.6-0.7  x  1.2-2.5  |ji.m. 

Temperature 

Maximum  growth  of  the  three  strains,  as  indicated  by  absor- 
bance  (A,,,,,)  after  culture  overnight,  occurred  at  an  incubation 
temperature  of  37°C  (Fig.  1 ).  Although  growth  was  slower  at 
30"C.  the  absorbance  was  only  slightly  less  than  that  at  37°C.  V. 
fli(vialis-ll  grew  well  at  temperatures  above  15°C,  but  growth  was 
substantially  reduced  at  40^2°C.  and  virtually  halted  above  43°C. 
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f'igure  1.  The  elfect  of  temperature  on  haclerial  uniHth  (iiuhl  absor- 
bance in  a  5-cm  cuvette  al  560  nnU. 
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Salinity 

At'ler  overnight  incubation  at  37'  C.  cultures  ol  the  three  strains 
in  SV\TBA  nietiiuni  made  up  with  20-3()'/ff  seavvater  yielded  the 
best  growth  (Fig.  2).  There  was  a  reduction  in  growth  in  SWTBA 
cultures  made  up  with  1 0  and  70%c  seawater,  and  grow  th  w  as  not 
measurable  in  the  cultures  made  up  with  O^fr  NaCl. 

PH 

v.  fliivici!is-U  grew  well  at  37°C  in  SWTBA  cultures,  making 
the  medium  neutral  or  slightly  alkaline  {Fig.  3 1.  The  cultures  re- 
mained in  a  condition  of  low  growth  when  the  pH  value  of  the 
medium  was  <6  and  >1 1.  Growth  was  always  prolific  while  the 
medium  was  alkaline  (pH  6-1 1).  The  cultures  showed  little  or  no 
growth  when  the  medium  became  acidic. 

Mode  of  Transmission  of  \.  fluvialis-// 

Transmission  of  infection  by  V.  Jhivialis-U  was  tested  by  sev- 
eral approaches.  The  vital  and  infective  bacterium  V.  fliiviiills-\l 
could  be  demonstrated  throughout  the  year  in  abalone  in  the  labo- 
ratory by  exposing  wounded  abalone  to  water  containing  the  bac- 
terial suspension  or  by  inoculating  abalone  intramuscularly  with 
the  isolated  bacteria. 

Transmission  by  Inoculation 

In  the  inoculation  trials,  the  prevalence  of  the  infection  of  the 
three  strains  ranged  between  50  and  lOO^c.  From  50  to  100%  of  the 
inoculated  abalone  were  dead  within  7  days.  The  abalone  exposed 
to  the  highest  bacteria  concentrations  (2.0  x  lO'*  and  2.0  x  10^ 
cells/mL)  became  heavily  infected  and  died  early  without  devel- 
oping pustules.  Abalone  exposed  to  lower  bacterial  concentrations 
(2.0  X  10  cells/mL)  were  still  alive  after  1  y.  and  the  obvious 
pustules  occurred  in  the  foot  of  inoculated  abalone  at  6  mo.  In 
these  trials,  the  mortality  of  abalone  in  three  groups,  inoculated 
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Figure  2.  The  effect  of  salinity  on  bacterial  growth. 


Figure  3.  The  effect  of  pH  on  bacterial  growth. 

with  three  strains,  was  the  same,  but  the  survival  time  of  the 
abalone  did  differ.  That  may  be  the  result  of  differences  in  the 
viability  and  infectiousness  of  the  bacteria  present  in  each  inocu- 
lation. It  is  also  possible  that  the  susceptibility  of  individual  aba- 
lone to  infection  with  V.  fhivialis-U  may  be  different.  The  mortal- 
ity of  the  control  group  was  0%. 

Transmission  Through  Wounds  or  Lesions 

The  results  of  this  experiment  are  similar  to  the  inoculation 
result.  Abalone  with  minor  cuts  on  the  foot  showed  clinical  signs 
of  the  disease.  The  low  intensity  of  infection  was  similar  to  that 
observed  in  naturally  infected  abalone  collected  from  the  field  in 
spring.  The  prevalence  of  infection  at  20°C  was  initially  low  (30% 
at  7  days),  but  became  higher  when  incubation  was  prolonged 
(60-100%  at  6  mo).  Prevalence  (60-100%)  was  comparable  to 
infection  rates  (60%)  reported  for  naturally  infected  beach- 
cultured  abalone  on  the  Dalian  Coast  (Li  et  al.  1996).  The  mor- 
tality of  abalone  in  the  control  group  was  0%. 

Transmission  by  Diet 

In  this  trial,  the  mortality  of  test  and  control  group  abalone  was 
0%,  and  the  results  indicated  that  the  infection  of  pustule  disease 
was  not  introduced  by  diet.  Possibly  V.  fluvialis-U  cannot  invade 
the  tissues  of  the  digesti\e  system. 

Transmission  by  Bath  E.vposure 

The  prevalence  of  infection  in  bath-exposed  abalone  held  at 
20°C  was  0%,  even  though  the  time  of  incubation  was  extended  to 
6  mo.  This  indicated  that  V.  fluvicilis-U  cannot  invade  the  body  of 
healthy  abalone  to  manifest  the  pustule  disease. 

DISCUSSION 

All  of  the  abalone  were  from  D,  T,  and  N  Companies.  As  such, 
these  samples  of  abalone  had  been  cultured  in  different  ecological 
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environments,  on  different  scales  of  culture,  and  by  different  cul- 
ture methods. 

The  D  company  is  situated  near  Dalian  city,  has  cultured  aba- 
lone  for  many  years,  and  uses  seawater  that  is  often  polluted.  The 
abalone  with  pustules  included  juvenile  hatchery  abalone  and  pa- 
rental abalone  that  were  both  wild  and  cultured  animals.  This 
company  often  used  chloramphenicol  to  control  the  bacteria  dis- 
ease. 

The  T  company  was  established  only  3  y  ago.  It  is  located  in  the 
Lu  Shun  Kou  region  and  has  relatively  pristine  seawater.  The 
culture  scale  of  this  facility  is  the  largest  of  the  three  companies 
included  in  this  study.  Most  of  the  parental  abalone  were  collected 
from  Chang  Hai  County  and  Shandong  Province.  Because  the 
company  cultured  over  20.000  parental  abalone  each  year,  many  of 
these  had  pustules  on  the  foot.  The  high  density  of  culture  leads  to 
a  high  infection  rate.  Mortality  was  very  high  (80%).  The  gonads 
of  most  survivors  seldom  matured,  and  consequently,  these  indi- 
viduals did  not  spawn.  V.  /7/(\vV;//.v-ll  was  abundant  in  their  gonads. 
This  company  often  used  chloramphenicol  over  a  long  period  and 
at  rather  large  doses. 

The  N  company  was  founded  in  1995;  culture  methods  were 
either  cage  culture  or  pool  culture  on  the  beach  where  water  is 
exchanged  only  when  the  tide  is  flowing.  In  the  latter  case,  water 
was  seldom  changed  thoroughly  or  frequently.  Chances  of  infec- 
tion among  the  abalone  were  great.  Control  of  infection  was  dif- 
ficult. Because  abalone  were  reared  under  relatively  open  condi- 
tions, this  company  could  not  administer  antibiotics  effectively. 

On  average,  there  were  more  than  three  pustules  on  the  foot  of 
each  abalone  from  the  T  company.  As  time  went  on  and  the  tem- 
perature rose,  the  disease  of  the  abalone  became  more  and  more 
serious.  The  bacteria  gradually  moved  from  the  foot  to  the  mantle, 
alimentary  canal,  liver,  gonads,  hemolymph,  and  other  organs. 
When  the  bacteria  had  invaded  almost  all  of  the  organs  of  the 
abalone,  they  refused  to  eat  and  gradually  died.  The  100  ppm 
chloramphenicol  used  earlier  became  ineffective.  Cultured  paren- 
tal abalone  failed  to  spawn.  They  developed  swollen  gonads  and 
eventually  died.  Abalones  reared  in  large  cages  and  in  high  den- 
sities are  difficult  to  monitor  to  remove  the  diseased  and  the  dead 
ones.  Infection  spread,  leading  to  high  mortality.  All  in  all,  the 
prevention  and  the  treatment  of  the  pustule  disease  have  become 
very  important  concerns. 

The  results  of  biochemical  studies,  growth  characterization, 
and  transmission  analysis  indicate  that  the  pustule  disease  of  aba- 
lone on  the  Dalian  Coast  is  being  caused  by  the  same  bacterium. 
V.  fliivialis-U.  The  shorter  incubation  period  and  the  greater  preva- 
lence and  intensity  of  infection  in  inoculated  abalone  suggest  that 
the  number  of  bacteria  administered  to  the  abalone  by  inoculation 
was  greater  than  the  number  of  bacteria  that  invade  the  tissues  via 
lesions.  Although  infection  by  inoculating  is  not  the  natural  avenue 
for  V.  flinialis-U  invasion  of  host  tissues,  injection  of  the  pathogen 
could  be  used  to  investigate  further  the  manifestation  of  the  dis- 
ease, determine  its  ho.st  specificity  of  the  bacterium,  and  possibly 
allow  for  its  genetic  analysis. 

We  have  referred  to  the  three  strains  as  D.  N.  and  T  bacteria. 
Samples  of  abalone  from  these  three  hatcheries  have  in  common 
the  following  features.  There  were  pustules  on  their  feet  that  con- 
tained milk-white  pus.  There  was  only  one  kind  of  bacterium  in  the 
pus.  Experiments  on  the  abalone  infected  with  the  three  strains 
showed  that  all  of  the  three  are  infectious.  The  three  strains  were 
identified  at  the  Institute  of  Microbiology.  Chinese  Academy  of 
Sciences,  and  were  reported  as  V.  fliivialiK-M. 


In  our  earlier  studies,  we  tested  only  the  transmission  of  the 
disease  by  inoculation,  lesions,  and  diet.  The  physiological  and 
biochemical  analyses  were  carried  out  at  the  Institute  of  Microbi- 
ology. Chinese  Academy  of  Sciences.  All  results  of  tests  we  used 
in  this  study  correspond  with  our  earlier  work. 

The  sensitivity  of  V.  fluvialis-U  was  determined  by  placing 
paper  discs  saturated  with  specific  antibiotics  on  medium  in  plates 
holding  the  vibrio  bacteria  and  then  measuring  the  diameter  of  the 
ring  formed  by  bacterial  inhibition  {Li  et  al.  1996).  The  results 
showed  that  different  strains  have  different  sensitivities  to  a  series 
of  antibiotics.  The  D  strain  was  sensitive  to  ciprofloxacin,  cotri- 
moxazole,  furazo  lidone,  norfloxacin,  chloramphenicol,  gentamy- 
cin,  and  erythromycin.  The  N  strain  was  sensitive  to  chloramphen- 
icol, cotrimoxazole,  ciprofloxacin,  norfloxacin,  gentamycin.  and 
furazo  lidone.  The  T  strain  was  sensitive  to  norfloxacin,  cipro- 
floxacin, gentamycin,  penicillin,  and  erythromycin.  The  antibiotics 
listed  above  would  appear  to  be  better  drugs  for  control  of  the 
pustule  disease  in  these  three  hatcheries,  respectively.  We  recom- 
mend that  the  hatcheries  using  these  antibiotics  should  use  them 
for  short  periods  and  alternately,  or  resident  bacteria  may  develop 
resistance,  as  was  the  case  with  chloramphenicol  use  by  the  T 
Company. 

The  resistance  of  the  bacteria  to  antibiotics  is  the  result  of  use 
of  these  substances  over  a  long  period.  The  mechanism  of  resis- 
tance of  V.  flKvialis-U  has  been  studied  on  a  molecular  level.  The 
total  DNA  of  the  three  strains  was  extracted  and  digested  by  re- 
striction enzymes,  £rt)RI.  Electrophoretic  patterns  revealed  that 
the  three  strains  had  many  different  bands.  It  was  suggested  that 
the  mechanism  of  resistance  of  the  bacteria  was  related  to  gene 
mutation  and  that  the  antibiotics  provided  the  necessary  condition 
for  the  development  of  bacterial  resistance  (Li  et  al.  1996). 

CONCLUSIONS 

Comparative  characterization  of  isolates  of  bacteria  associated 
with  pustules  on  the  foot  and  epipodia  of  abalone  from  three  aqua- 
culture  facilities  on  the  Dalian  coast  show  all  cases  of  the  disease 
to  be  the  consequence  of  infection  by  one  pathogen,  V.  fluvialis-U. 
Vibriosis  has  become  rampant  in  these  facilities  and  has  also 
spread  to  wild  populations  along  the  local  coast.  Transmission 
occurred  most  rapidly  through  lesions  cut  in  the  foot  of  experi- 
mental abalone.  The  pustule  disease  was  not  transmitted  through 
diet  or  normal  contact  with  the  surrounding  water. 

This  malady  has  become  epidemic  and  has  spread  despite  an- 
tibiotic prophylaxis  in  routine  treatment,  largely  with  chloram- 
phenicol at  100  ppm.  Antibiotic-resistant  strains  of  V.  /7(/i7((//.v-II 
now  established  at  these  aquaculture  facilities  have  caused  exten- 
sive economic  loss.  Alternative  treatments  (biological  control)  are 
now  being  sought. 

From  our  results,  we  would  recommend  that  the  Dalian  Coast 
abalone  farms  improve  husbandry  practices  by  providing  im- 
proved conditions  to  abalone  in  culture.  Seawater  quality  should  be 
maintained  by  filtration  and  by  ultraviolet  sterilization.  Water 
should  be  aerated  constantly.  Abalone  should  be  fed  fresh  algae 
and  held  at  reduced  densities.  Conditions  should  be  provided  to 
minimize  abrasion  to  abalone  foot  tissue.  Where  appropriate,  cul- 
ture equipment  should  be  cleaned  and  sterilized  with  HCl  or  po- 
tassium permangenate.  New  kinds  of  antibiotics  should  be  used  for 
short  periods,  and  treatments  should  be  changed  to  include  other 
kinds  of  antibiotics.  We  expect  that  lollowing  this  strategy  will 
reduce  the  extent  of  infection  bv  vibriosis  on  the  Dalian  Coast. 
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SEASONALITY  IN  DIGESTIVE-GLAND  SIZE  AND  METABOLISM  IN  RELATION  TO 
REPRODUCTION  IN  HALIOTIS  KAMTSCHATKANA 


THOMAS  H.  CAREFOOT,  BARBARA  E.  TAYLOR,  AND 
DEBORAH  A.  DONOVAN 

DeparimciU  of  Zoology 
University  British  Coliinihia 
Vancouver,  Canada 

ABSTHACT  A  novel  method  of  isolating  digestive  gland  cells  in  abalone  was  used  to  provide  information  on  the  metabolic  activity 
of  this  gland  in  Haliotis  kumtschatkana.  Activity,  expressed  as  percent  change  in  Vo,  of  isolated  cells  before  and  after  the  addi- 
tion of  glucose  and  amino  acid  substrates,  was  studied  in  relation  to  sex  and  to  seasonal  changes  in  gonad  and  digestive  gland  indices. 
At  3-  to  4-mo  intervals  between  May  1995  and  July  1996,  five  collections  of  10  adult  abalone  (equal  sexes)  were  made  from  the  West 
Coast  of  Vancouver  Island,  British  Columbia.  Each  animal's  live  mass  (without  shell)  was  recorded,  and  its  gonad  was  aspirated 
from  the  digestive  gland  into  a  known  volume  (and  mass)  of  seawater.  The  digestive  gland  was  sliced  free  of  its  attachment,  weighed, 
and  related  to  shell-less  body  mass  as  percent  digestive  gland  index  (DGl).  The  gonad  live  mass  was  determined  from  the  mass 
of  aspirated  mix  of  gonad  and  seawater.  and  related  to  shell-less  body  mass  to  give  a  percent  gonad  index  (GI).  Digestive  gland  cells 
were  prepared  and  maintained  in  a  special  buffer,  and  their  Vo,'s  measured  in  microrespirometers.  There  was  no  sex  effect  on  seasonal 
DGI.  but  significant  seasonal  differences  in  DGIs  correlated  perfectly  with  metabolic  activity  of  digestive-gland  cells  with  glucose 
substrate.  Thus,  when  digestive  glands  were  largest  relative  to  body  size,  metabolic  activity  of  their  cells  was  greatest.  GIs  were 
significanti)  higher  for  males  than  females.  There  was  a  significant  seasonal  effect  on  GIs.  with  values  being  high  in  springtime  be- 
fore spawning  (April  to  May,  10-1  I7c)  and  low  in  winter  (December,  6%),  but  with  statistical  overlap  between  these  and  sum- 
mer values  (July  to  August,  7-8%).  Metabolic  response  of  the  digestive  gland  cells  was  highest  with  glucose  substrate  (75%  increase 
over  presubstrate  resting  levels  as  compared  with  4%  for  amino  acid  substrate),  reflecting  the  carbohydrate-based  metabolism  of 
abalone. 

KEY  WORDS:     Haliotis  kanitschalkana.  abalone.  digestive  gland,  isolated  cell  suspension,  metabolism,  reproductive  cycle 


INTRODUCTION 

Attempts  to  study  the  role  of  the  digestive  gland  in  the  nutrition 
and  growth  of  marine  molluscs  in  vivo  is  hampered  by  slow  growth 
rates  of  the  test  animals,  by  difficulty  in  gaining  access  to  the 
organ,  and  by  inultiplicity  of  function  in  digestion  and  energy 
metabolism  of  the  gland.  Added  to  this  in  abalone  and  other  gas- 
tropods is  the  intimate  juxtaposition  of  digestive  gland  and  gonad, 
which  tends  to  confound  study  of  either  organ  separately.  We  have 
side-stepped  some  of  these  problems  by  examining  digestive  gland 
function  of  abalones  in  vitro,  using  an  isolated-cell  suspension 
similar  to  that  used  with  mammals  (Buck  et  al.,  1992)  and  decapod 
crustaceans  (Lallier  and  Walsh  1992,  Toullec  et  al.  1992).  In  this 
approach,  which  we  believe  to  be  unique  for  molluscs,  the  diges- 
tive gland  is  freed  from  its  attachment  to  the  gonad  and  the  rest  of 
the  body,  and  the  cells  separated  and  maintained  in  suspension  in 
a  buffer  solution  formulated  especially  for  this  purpose.  The  cell 
suspension  can  then  be  used  as  a  bioassay  system  to  monitor  the 
metabolic  activity  of  the  digestive  gland  in  relation  to  gametoge- 
netic  and  other  seasonal  events  and  to  study  the  effects  of  different 
substrates  or  other  conditions  on  energy  metabolism  of  the  gland. 

Reproductive  cycles  in  temperate-latitude  abalone  generally 
follow  the  pattern:  gametogenesis  during  winter  and  early  spring, 
maximally  ripe  gonads  in  late  spring  and  early  summer,  and 
spawning  during  summer  and  early  autumn  (Boolootian  et  al. 
1962,  Webber  and  Giese  1969,  Poore  1973,  Shepherd  and  Laws 
1974,  Hayashi  1980,  Shepherd  and  Heam  1983).  However,  con- 
siderable variation  in  this  cycle  may  exist  within  and  between 
species  and  also  geographically  and  temporally  (Boolootian  et  al. 
1962,  Poore  1973,  Shepherd  and  Laws  1974,  Giorgi  and  DeMartini 
1977,  Sloan  and  Breen  1988l.  Althoueh  Haliotis  kamtscliatkana 


generally  has  the  highest  gonad  indices  (GIs)  in  late  spring  to  early 
summer,  with  spawnings  in  mid-  to  late  suinmer  (Breen  and  Ad- 
kins  1980),  there  is  evidence  in  some  populations  of  "dribble- 
type""  spawning  throughout  the  year  (Emmett  and  Johnstone 
1985). 

The  large  foot  muscle  acts  as  a  glycogen  store  for  use  during 
gametogenesis  (Webber  and  Giese  1969,  Webber  1970).  Hayashi 
( 1983)  showed  in  Haliotis  titberciilata  that  the  glycogen  content  of 
the  foot  tissue  decreases  from  40%  to  0  as  gonad  maturation  pro- 
ceeds, and  Webber  and  Giese  (1969)  and  Webber  ( 1970)  showed 
in  Haliotis  craclierodii  a  drop  in  the  total  dry  mass  of  polysaccha- 
ride (  =  glycogen)  in  the  foot  from  23%  to  6%,  the  lowest  value 
coinciding  with  late-summer  spawning.  In  H.  craclierodii,  as 
polysaccharides  are  drawn  from  foot  stores,  so  their  concentration 
increases  significantly  in  the  gonad,  somewhat  more  in  males  than 
females  (males:  5-97c  dry  mass  increase;  females;  4.5-7%  dry 
mass  increase;  Webber  1970).  Because  the  digestive  gland  is  the 
chief  organ  involved  in  these  energy  transformations  in  abalone,  its 
greatest  relative  size  and  metabolic  activity  would  be  expected 
concomitantly  with  active  gametogenetic  processes. 

This  study  examines  the  seasonal  effects  of  glucose  and  amino 
acid  substrates  on  metabolism  of  the  digestive  gland  cells  and 
correlates  this  metabolic  activity  with  the  relative  size  of  the  gonad 
and  digestive  gland.  The  specific  hypotheses  to  be  tested  are;  (I) 
that  glucose  substrate  will  be  metabolically  used  over  amino  acid 
substrate,  as  suggested  by  the  carbohydrate-based  nutrition  of  aba- 
lone, and  (2)  that  metabolic  activity,  as  measured  by  oxygen  con- 
sumption of  isolated  cells,  will  correlate  seasonally  with  the  re- 
productive cycle.  Thus,  we  predict  that  the  digestive  gland  will  be 
largest  and  most  metabolically  active  when  gametogenetic  activity 
is  greatest. 
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MATERIALS  AND  METHODS 

At  3-  to  4-mo  intervals  between  May  1995  and  July  1996.  five 
collections  of  10  adult  H.  kamtschatkana  of  equal  sex  ratio  were 
made  from  the  West  Coast  of  Vancouver  Island.  British-Columbia, 
near  the  Bamfield  Marine  Station.  During  the  few  days  between 
collection  and  their  use  in  experiments,  the  animals  were  kept  in  a 
recirculating  seawater  system  (12°C.  32%)  under  ambient  light 
conditions  and  fed  on  kelp. 

Estimates  of  gonad  and  digestive  gland  masses  were  made  as 
follows.  An  abalone  was  kept  on  ice  for  1  h;  then,  its  shell  was 
removed  and  its  live  tissue  mass  was  measured.  The  membrane 
enclosing  the  gonad  was  slit  in  several  places  with  fine  scissors. 
The  exposed  gonadal  tissue  was  aspirated  from  the  surface  of  the 
digestive  gland  with  a  suction  tube  connected  to  a  vacuum  pump 
and  collected  into  a  known  volume  (and  mass)  of  seawater.  Vir- 
tually all  of  the  gonad  could  be  collected  in  this  way,  leaving  the 
digestive  gland  intact.  We  believe  this  method  to  give  a  much  more 
accurate  measure  of  GI  than  the  area-slice  method  commonly  used 
with  abalone  (Boolootian  et  al.  1962.  Poore  1973.  Hayashi  1980. 
and  others).  The  combined  mass  of  the  aspirated  gonad  and  sea- 
water, after  subtracting  the  mass  of  the  latter,  yielded  the  fresh 
mass  of  gonad.  The  digestive  gland  was  cut  from  the  animal, 
weighed,  and  immersed  immediately  in  chilled  buffer  formulated 
specially  for  the  maintenance  of  abalone  digestive  gland  cells 
(Taylor  and  Carefoot  unpubl.).  The  digestive  gland  and  gonad  live 
masses,  expressed  as  percentages  of  original  total  body  mass  with- 
out shell,  respectively,  gave  digestive  gland  index  (DGI)  and  GI 
for  each  animal. 

Details  of  the  buffer  formulation  and  preparation  of  the  isolated 
cell  suspensions  can  be  found  in  Taylor  and  Carefoot  (unpubl.). 
However,  briefly,  the  digestive  gland  was  minced  apart  with  razor 
blades  to  free  the  individual  cells  and  the  resulting  cell-buffer 
slurry  was  filtered  through  successively  finer  nylon  meshes  (to  73 
Jim  pore  size),  then  washed,  and  centrifuged  three  times.  After  the 
final  spin,  the  cells  were  resuspended  in  fresh  buffer  and  rested 
overnight  at  3°C.  The  overnight  buffer  differed  from  the  prepara- 
tion buffer  in  its  lack  of  glucose  and  bovine  serum  albumin.  The 
next  morning,  a  resuspension  of  the  cells  in  the  second  buffer 
provided  the  stock  material  for  use  in  the  bioassay  metabolism 
experiments.  Trypan  blue  staining  tests  of  these  suspensions  (Buck 
et  al.  1992)  showed  -1-99%  viability  of  the  digestive  gland  cells. 

Tests  of  inetabolic  response  t)f  the  cell  suspension  were  done  in 
a  2-mL  volume  Gilson  oxycell  (Middleton.  Wl)  equipped  with  a 
Clark  type  O.  electrode  (Yellow  Springs,  OH).  A  known  mass  of 
cells  in  fresh  buffer  was  allowed  to  equilibrate  at  15°C  for  I  h  and 
was  then  placed  in  the  oxycell.  Baseline  Vo,  of  the  cells  at  15°C 
was  measured  over  an  initial  15-min  period,  then  a  nutrient  sub- 
strate was  added,  and  Vo,  was  measured  for  an  additional  .5  min. 
The  difference  in  before  and  after  rates,  expressed  as  p-g  min^'g 
live  cells"',  gave  the  measure  of  metabolic  response  to  a  certain 
substrate.  The  two  substrates  tested  were  glucose  and  a  mixture  of 
amino  acids,  administered  in  ."iO-iJiL  volumes  (glucose,  100  niM: 
amino  acids,  saturated  solution  of  casein  amino  acids;  ICN,  Inc.). 
Each  test  of  a  substrate  was  done  in  triplicate. 

RESULTS 

Seasonal  changes  in  DGls  and  GIs  are  shown  in  Figure  1. 
Because  no  sex  effect  on  digestive  gland  size  was  evident  (F|  1.49| 
=  0.53,  p  =  0.47,  analysis  of  variance  [ANOVA]),  the  values 


presented  for  this  organ  represent  males  and  females  combined.  A 
strong  seasonal  effect  on  DGI  (f[4.49]  =  9.59,  p  <  0.001, 
ANOVA)  resolved  into  a  generally  low  value  in  winter  (December 
1995;  7.4%)  and  higher  values  in  summer  (August  1995  and  July 
1996.  9.4  and  12.2%.  respectively),  although  some  statistical  over- 
lap was  present  between  these  and  spring  values  (p  <  0.05,  New- 
man-Keuls  Multiple  Comparison  Tests).  GI  al.so  showed  a  strong 
seasonal  effect  (F[4.35]  =  4.41.  p  =  0.005.  ANOVA),  with  low- 
est values  being  found  in  spawned-out  animals  in  late  summer 
through  winter  (July.  August.  December.  6.2-8.6%)  and  highest 
values  in  spring  before  spawning  (April  to  May,  10.0-1 1.3%;  p  < 
0.005.  Neuman-Keuls  Tests).  Figure  la  also  shows  a  strong  sex 
effect  on  GI  (F[l,49]  =  9.72,  p  =  0.004,  ANOVA).  Males  with 
mean  GIs  of  10%  were  significantly  higher  than  females  with 
mean  GIs  of  7%  (p  <  0.05.  Neuman-Keuls  Tests).  There  was  no 
significant  correlation,  either  positive  or  negative,  of  DGI  and  GI 
values  over  time  (/\  <  0.3.  p  >  0.20,  Spearman  Rank  Correlation 
Analysis). 

Figure  2  .shows  the  seasonal  effect  of  different  substrates  on  the 
metabolism  of  isolated  cell  suspensions  of  digestive  glands  of  H. 
kamtschatkana.  Sex  had  a  strong  effect  on  the  metabolic  response 
of  the  cells  (f[l,99]  =  23.9.  p  <  0.0001 ).  with  females  exhibiting 
the  greatest  response  (overall  increases  of  78  and  54  [j.g  of  O, 
min"'  g  cells"'  over  resting  rates,  respectively,  for  females  and 
males;  p  <  0.05,  Neuman-Keuls  Tests).  The  cells  responded 
strongly  to  glucose  substrate  (75  p.g  of  O^  min"'  g  cells"'  overall 
increase  over  resting  rate)  and  only  weakly  to  the  amino  acid  mix 
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Figure  1.  C'hanjje  in  (a)  GIs  and  (h)  DGls  (ivtr  the  period  May  l'W5  to 
August  1')%  in  //.  kamtschalkami.  Values  represent  means  +  SE  of  5 
individuals  for  ;;oniid  and  10  indi\iduals  for  di^esllve  gland.  The  error 
bars  for  August  1^95  female  (il  are  hidden  within  the  dimension  of  the 
point. 
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Figure  2.  Change  in  VO,  of  isolated  cell  suspensions  of  H.  kamlschal- 
kana  digestive  glands  from  baseline  levels  «hen  given  cither  glucose  or 
an  amino  acid  mix  as  substrate.  Closed  circle,  female;  open  circle, 
male.  \'alues  represent  means  ±  SE  of  five  individuals.  Krror  bars  for 
several  of  the  points  are  too  small  to  extend  beviind  the  dimension  of 
the  points. 

(4  (Ag  of  Oi  min"'  g  ceils"'  increase),  with  the  difference  being 
highly  significant  (f|].99|  =  48.2.  p  <  0.0001.  ANOVA).  The 
cells  were  seasonally  least  responsive  in  winter  and  most  respon- 
sive in  spring  and  summer  (F[4.99]  =  87.0.  p<  0.0001.  ANOVA). 
especially  spring  and  summer  1996.  These  last  values  formed  a 
statistically  segregated  grouping  from  both  the  winter  1995  values 
and  the  spring/summer  1995  values  (Fig.  2.  p  <  0.05,  Neuman- 
Keuls  Tests). 

A  perfect  correlation  was  demonstrated  between  size  of  diges- 
tive gland  (DGI)  and  metabolic  response  of  the  cells  to  glucose  (i\ 
=  1.0.  Spearman  Rank  Correlation  Analysis).  Thus,  when  diges- 
tive glands  were  smallest  (in  winter  1995),  metabolic  response  was 
least,  and  when  the  digestive  glands  were  largest  (in  summer 
1996).  metabolic  response  was  greatest. 

DISCUSSION 

GIs  in  reproductively  mature  abalone  range  generally  from  1 2 
to  20%  of  the  soft  body  mass  (Webber  and  Giese  1969.  Webber 
1970.  this  study).  Although  some  species  spawn  more  or  less  com- 
pletely, leading  to  indices  of  essentially  zero  (e.g..  Haliotis  cyclo- 
baies  and  Haliotis  laevigata  in  Australia:  Shepherd  and  Laws 
1974),  others  show  less  dramatic  or  no  significant  seasonal 
changes  (e.g..  Haliotis  nifescens  in  California:  Young  and  DeMar- 
tini  1970.  Haliotis  ruber  in  Australia:  Shepherd  and  Laws  1974), 
and  Gl  for  these  species  is  of  little  use  in  monitoring  gametoge- 
netic  or  spawning  activity  (Young  and  DeMartini  1970).  In  this 
study  on  H.  kamtschatkana.  GIs  for  both  males  and  females 
showed  summer  lows,  corresponding  with  spawning,  but  values 
remained  above  about  6%.  Because  seasonal  highs  were  only  9  and 
12%  for  females  and  males,  respectively,  spawning  was  neither 
complete  nor  of  high  magnitude  during  1995  to  1996  for  this 
species. 


The  greater  metabolic  responsiveness  of  female  digestive  gland 
cells  as  compared  with  tho.se  of  males  in  this  study  cannot  be 
explained  simply  on  the  basis  of  greater  gametogenetic  growth  in 
females,  because  gonads  in  each  sex  increased  by  about  the  same 
amount  during  spring/summer  1996.  However,  Webber  ( 1970)  has 
shown  that  immediately  before  spawning  the  female  gonad  in  H. 
cracherodii  consists  of  about  35%  dry  mass  lipids,  as  compared 
with  only  about  10%  for  males.  In  H.  kamtschatkana.  this  is  re- 
flected in  a  higher  caloric  content  of  female  gonads  as  compared 
with  males  (Donovan  and  Carefoot  unpubl.).  Lipids  represent  a 
much  more  energetically  costly  substance  to  produce  than  either 
protein  or  carbohydrate,  and  this  may  at  least  partly  explain  the 
different  metabolic  activity  of  the  digestive  glands  in  the  two 
sexes. 

Our  results  did  not  show  a  clear  relationship  between  digestive 
gland  size  and  gonad  size  in  H.  kamtschatkana.  Indeed,  the  few 
past  studies  in  which  DGIs  and  GIs  were  measured  simultaneously 
offer  somewhat  varying  views  of  their  interrelationship.  Thus, 
Boolootian  et  al.  (1962)  found  a  strong  inverse  correlation  of  di- 
gestive gland  size  with  gonad  size  in  H.  cracherodii  and  a  less 
evident  but  nonetheless  reciprocal  relationship  in  H.  rtifescens. 
Webber  (1970)  also  showed  DGIs  and  GIs  to  be  inversely  corre- 
lated in  H.  cracherodii.  but  to  a  much  lesser  extent  than  shown  by 
the  data  of  Boolootian  et  al..  and  we  showed  no  relationship  in  H. 
kamtschatkana.  Boolootian  et  al.  ( 1962)  interpreted  their  data  for 
H.  cracherodii  to  mean  that  the  digestive  gland  stockpiles  nutrients 
for  gametogenesis,  but  this  was  later  shown  by  Webber  ( 1970)  not 
to  be  the  case  for  this  same  species,  nor  would  it  make  sense  based 
on  our  data  for  H.  kamtschatkana.  There  are  two  possible  expla- 
nations for  the.se  discrepancies.  The  first,  proposed  initially  by 
Boolootian  et  al.  (1962),  suggests  that  the  extent  and  timing  of 
interrelationships  of  digestive  gland  and  gonad  are  governed  by  the 
seasonal  preciseness  of  gametogenesis  and  spawning  in  a  species. 
Thus.  H.  cracherodii.  with  a  distinct  seasonal  spawning  cycle, 
would  have  a  more  marked  interrelated  cycling  of  digestive  gland 
and  gonad  than  H.  rtifescens  or  H.  kamtschatkana.  which  exhibits 
much  less  distinct  spawning  cycles  (this  study,  see  also  Young  and 
DeMartini  1970).  The  second,  less  an  explanation  than  a  comment, 
reminds  us  that  digestive  gland  size  and  activity  will  be  related  not 
only  to  gametogenesis,  but  also  to  other  processes  of  nutrition  and 
growth.  In  temperate-latitude  species,  especially,  suminer  will  be  a 
time  of  optimal  feeding  and  growth,  with  maximal  elaboration  of 
enzymes  and  allocation  of  energy  for  digestion,  processing  of  nu- 
trients, and  functioning  of  transport  systems  and  metabolic  path- 
ways involved  in  all  growth,  including  gametogenesis.  Garnering 
of  glycogen  and  other  nutrients  required  for  later  gametogenesis 
may  actually  be  competitive  with  needs  for  somatic  growth,  in- 
cluding that  of  the  shell.  Thus,  it  may  be  necessary  to  factor  in  all 
growth  and  activity  needs  to  get  a  clear  picture  of  seasonal  DGI 
and  GI  interrelationships  in  abalone. 
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STUDIES  ON  POSTPRANDIAL  CHANGES  OF  DIGESTIVE  STATUS  AND  FREE  AMINO  ACIDS 
IN  THE  VISCERA  OF  HAUOTIS  DISCUS  HANNAI INO 


KANGSEN  MAI.  GEN  HE.  AND  WEI  XU 

Luhomtory  of  Ai/iuiciilnire  Nutrition 
College  of  Fisheries 
Ocean  University  of  Qingdao 
Qingdao  266003.  China 

ABSTRACT  Experiments  were  conducted  to  study  the  postprandial  changes  of  digestive  status  and  free  amino  acids  (FAA)  in  the 
\iscera  of  Hiiliolis  discus  hannai.  A  natural  pigment  in  the  algal  diet.  Palmaria  palmatu.  served  as  an  indicator  to  determine  the 
digestive  status  of  the  abalone.  The  changing  concentration  of  the  pigment  in  the  viscera  indicates  that  very  active  digestion  took  place 
during  the  first  10  h  and  that  the  total  food  passage  time  was  about  44  h  for  the  abalone  after  a  meal  at  15°C  water  temperature.  Visceral 
F.AA  levels  were  examined  at  0.  4.  10.  16.  22.  28.  36.  44.  52.  62.  72.  and  %  h  after  a  meal.  The  mean  level  of  free  essential  amino 
acids  (FEA.A)  attained  an  obvious  peak  at  4  h.  It  increased  gradually  from  4  to  36  h  and  then  maintained  at  a  relatively  constant  level 
till  96  h  postfeeding.  The  mean  level  of  free  nonessential  ammo  acids  (FNE.^A)  had  a  pattern  of  postprandial  change  similar  to  that 
of  FEAA.  However,  greater  variation  and  fluctuation  in  concentration  were  observed  among  the  individual  FNEAA  than  the  individual 
FEAA.  A  significant  correlation  was  established  between  essential  amino  acids  in  the  dietary  protein  and  the  FEAA  in  the  abalone 
viscera  that  was  sampled  at  4.  22,  28.  36.  44.  52.  62,  and  72  h  after  feeding.  The  highest  correlation  coefficient  was  obtained  at  36  h. 
Both  the  algal  pigment  and  the  FEAA  in  the  viscera  are  effective  indicators  reflecting  the  digestive  status  of  abalone  after  a  meal. 

KEY  WORDS:     abalone.  Haliotis  discus  lumnai.  disestion.  free  amino  acids,  nutrition.  moUusks 


INTRODLCTION 

Maintaining  an  efficient  feeding  frequency  for  optimal  food 
intake  by  cultural  animals  is  essential  for  a  successful  aquaculture 
operation.  To  design  an  appropriate  feeding  regimen,  the  proper- 
ties of  appetite,  feeding,  digestion,  and  absorption  of  cultural  ani- 
mals should  be  fully  understood.  A  few  approaches  have  been 
developed  to  study  the  food  consumption,  total  food  passage  time, 
and  digestive  capacity  of  commercially  iinportant  species  (Talbot 
1985,  Smith  1989).  These  approaches  may  roughly  be  divided  into 
two  groups:  direct  and  indirect  measurements.  For  most  species. 
indirect  methods  are  usually  more  simple  than  the  former.  Natural 
pigments  in  diet  or  artificial  colorants  incorporated  into  diet  are 
often  used  as  indicators  in  indirect  methods  (e.g.,  Bayne  et  al. 
1987,  Dam  and  Peterson  1988.  Lawrence  et  al.  1989,  Johnston  et 
al.  1994). 

For  abalone  species,  a  few  studies  have  been  conducted  to 
study  their  stomach  contents,  food  preferences,  digestive  status. 
and  digestive  capacity  (Tomita  1972,  Yamasaki  1991,  Wee  et  al. 
1992.  Maguire  et  al.  1994,  Day  and  Cook  1995,  Fleming  1995). 
Tomita  (1972)  fed  Haliotis  discus  hannai  with  Ulva  pertusa  and 
then  examined  the  stomach  contents  at  1-h  intervals  for  6  h  under 
light  microscopy.  It  was  found  that  active  digestion  in  the  stomach 
took  place  from  3  to  6  h  after  feeding  at  14.2°C.  By  6  h  after 
feeding,  the  ingested  green  alga  was  further  broken  down  and 
liquefied.  Afterwards,  most  contents  in  the  stomach  had  moved 
into  the  intestine,  although  soine  undigested  algal  cells  were  still 
observed.  On  this  basis,  it  may  be  inferred  that  gastric  evacuation 
time  (GET)  is  at  least  longer  than  6  h  for  H.  discus  hannai.  but  no 
conclusion  can  be  made  for  the  total  digestion  time  of  a  meal  by 
this  abalone.  because  digestion  continues  in  the  intestine  (McLean 
1970). 

When  determining  the  digestibility  of  Haliotis  rubra,  an  Aus- 
tralia abalone.  using  Cr^O,  as  a  marker.  Wee  et  al.  (1992)  reported 
that  H.  rubra  took  7  days  to  void  all  digesta  through  the  gut  after 
a  meal  at  10-16. 5°C,  judging  from  fecal  collection.  More  recently. 


Britz  et  al.  (1996)  investigated  the  digestive  activity  and  gut  evacu- 
ation time  in  the  abalone  Haliotic  niidae  fed  a  formulated  diet  by 
examining  the  gut  fullness.  They  found  that  the  abalone  processed 
the  bulk  of  a  meal  within  24  h  at  20°C. 

These  results  reported  by  different  authors  were  obtained  under 
different  conditions,  by  different  methods  and  abalone  species. 
Hence,  it  is  difficult  to  compare  them  with  each  other.  More  stud- 
ies need  to  be  done  to  fully  understand  the  digestive  characteristics 
and  total  food  passage  time  in  the  digestive  tract  of  abalone. 

Artificial  colorants,  radioactive  tracers,  and  radiographic  mark- 
ers are  often  used  as  indicators  in  studying  the  consumption,  di- 
gestion, and  absorption  of  artificial  foods  by  aquatic  animals  (Tal- 
bot and  Higgins  1983.  Mai  et  al.  1988.  Storebakken  and  Austreng 
1988.  Lawrence  et  al.  1989.  Johnston  et  al.  1994).  However,  when 
the  consumption,  digestion,  and  absorption  of  natural  foods  are 
investigated,  natural  pigments  used  as  indicators  have  advantages 
over  the  artificial  markers.  Natural  pigments  are  usually  evenly 
and  chemically  bound  with  other  dietary  components,  and  they  can 
synchronously  move  in  the  digestive  tract  with  other  dietary  com- 
ponents. Especially  when  a  natural  pigment  is  also  one  of  the 
digestible  dietary  components,  such  as  protein,  lipid,  and  carbo- 
hydrate, it  will  be  an  effective  indicator  to  reflect  the  movement 
and  digestive  status  of  the  ingested  diet. 

A  red  pigment  in  Palmaria  palmata.  a  preferred  natural  feed  of 
abalone  (Mercer  et  al.  1993),  can  be  precipitated  by  cold  acid- 
acetone  (Mai  pers.  obs.),  indicating  that  the  pigment  is  probably  a 
protein.  Additionally,  the  red  color  in  the  viscera  of  abalone  fed 
with  P.  palmata  gradually  disappears  with  the  time  after  feeding 
(.Mai  pers.  obs.).  This  suggests  that  the  red  pigment  can  be  digested 
by  abalone  and  can  be  used  as  a  good  indicator  for  observing  the 
digestive  status  of  abalone  after  a  meal.  Hence,  this  experiment 
was  designed  to  study  the  digestive  status  of  A/,  chscus  hannai  after 
feeding  on  P.  palmata.  using  the  natural  pigment  in  the  red  alga  as 
an  indicator.  The  postprandial  changes  of  free  amino  acids  (FAA) 
in  the  viscera  were  observed  to  study  the  relationship  betv\'een  the 
changing  pattern  of  the  dietary  pigment  and  that  of  the  FAA. 
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MATERIALS  AND  METHODS 

Feeding  and  Sampling 

H.  discus  haimai  of  similar  sizes  (3.5  cm  in  shell  length)  were 
selected  from  a  laboratory-hatched  and  reared  population  (n  = 
150).  They  were  held  in  three  circular  air-powered  upwelling  col- 
umns (20  cm  in  diameter  x  35  cm  in  height)  that  were  provided 
with  shelters  of  plastic  rain  water  guttering  and  corrugated  plastic 
plates.  Water  temperature  was  maintained  at  15°C,  and  the  col- 
umns were  suspended  in  a  3-m''  glass  fiber  tank.  Photoperiod  was 
maintained  on  a  12L;12D  (6:00  am  to  6  pm)  cycle  of  natural  light. 
Abalone  was  fasted  for  5  days  before  being  fed  with  the  red  alga. 
P.  palmata  for  2  h  from  6  pm  to  8  pm.  Four  animals  were  ran- 
domly collected  from  each  column  at  each  sampling  time  (0.  4.  10, 
16,  22.  28,  36,  44,  52,  72.  and  96  h)  after  the  meal.  All  of  the 
samples  were  stored  below  -20°C  until  analysis.  About  100  g  of  P. 
palmata  was  sampled  and  freeze  dried. 

Extraction  of  Pigment  and  FAA 

Freeze-dried  P.  palmata  was  ground  into  fine  powder  with  a 
mortar  and  pestle.  An  aliquot  weighing  100  mg  was  homogenized 
with  10  mL  of  distilled  water  for  10  min  in  a  Potter-El vehjem 
homogenizer.  The  homogenate  was  centrifuged  at  20.000  rpm  for 
20  min.  The  supernatant  was  collected  for  the  absorption  spectrum 
scanning  of  the  red  pigment  in  P.  palmata. 

The  frozen  abalone  was  slightly  thawed,  and  then  its  visceral 
mass  was  removed.  All  visceral  tissues  of  the  four  animals  col- 
lected from  each  column  were  pooled  and  homogenized  as  above. 
An  aliquot  weighing  1.0  g  was  further  homogenized  with  10  mL  of 
distilled  water  for  10  min  and  then  centrifuged  in  the  same  way  as 
the  alga.  The  supernutanl  from  the  unfed  animals  (0  h)  was  also 
used  for  absorption  spectrum  scanning,  and  those  from  other  sam- 
pling times  were  used  for  absorbance  analyses  after  an  optimal 
absorption  peak  was  selected. 

A  200-mg  aliquot  of  homogenized  viscera  was  used  for  FAA 
extraction.  Protem  was  precipitated  by  1 .2  niL  of  acid-acetone 
(Ozols  1990).  The  supernatant  was  collected,  evaporated,  and  then 
redissolved  in  0.5  mL  of  50  mM  NaHCO,  (pH  8.1)  for  FAA 
analysis. 

Determinations  of  Pigment  and  FAA  in  Visceral  Tissues 

To  select  a  suitable  absorbance  wavelength  for  the  pigment 
analysis,  both  supematants  of  P.  palmata  and  the  visceral  tissue  of 
the  abalone  sampled  at  0  h  (unfed)  were  used  for  absorption  spec- 
trum scanning.  The  spectrum  scanning  was  performed  with  an 
ultraviolet  (UV)-vis  spectrophotometer  (Lambda  14)  with  a  range 
of  wavelength  from  200.0  to  900.0  nm  and  an  absorbance  from 
0.00  to  1.50. 

Five  hundred  microliters  of  FAA  supernatant  was  diluted  with 
an  equivalent  volume  of  2  mM  dabsyl  chloride  freshly  prepared  in 
acetonitrile.  Derivatization  took  place  at  60°C  for  10  min  (Kamp 
1990).  The  separation  of  dabsyl  derivatives  was  achieved  on 
RPLC-(8)-HPLC  (column.  2.50  x  46  mm;  particle  size,  5  mm). 
Detection  was  accomplished  with  a  UV-vis  variable  wavelength 
monitor  set  at  455  nm  (Mai  el  al.  1994). 

Statistical  Analysis 

Data  were  analyzed  by  one-way  analysis  of  variance,  Tukey 
test,  and  correlation  where  appropriate.  .Statistical  analysis  was 
performed  with  Systat  (SYSTAT  1992). 


RESULTS 

Selection  of  Wavelength  for  Pigment  Determination 

The  absorption  spectra  of  supematants  of  P.  palmata  and  the 
viscera  of  unfed  abalone  are  presented  in  Figure  1 .  The  red  pig- 
ment in  P.  palmata  had  three  absorbance  peaks,  at  317.  500.  and 
557  nm.  The  pigment  in  the  viscera  of  unfed  abalone  had  only  one 
obvious  peak,  at  293  nm.  To  avoid  the  influence  of  the  background 
color  in  viscera,  the  500-nm  wavelength  was  used  for  the  concen- 
tration estimation  of  algal  pigment  in  abalone  viscera. 

The  postprandial  change  of  algal  pigment  level  in  the  abalone 
viscera  is  shown  in  Figure  2.  The  absorbance  of  supernatant  from 
the  viscera  of  the  unfed  abalone  (0  h)  was  the  lowest  (0.185). 
There  was  a  sharp  increase  in  absorbance  after  abalone  were  fed 
with  P.  palmata.  The  maximum  absorbance  was  observed  for  the 
first  sampling  at  4  h  after  the  algal  meal.  A  sudden  decrease  was 
recorded  during  the  period  from  4  to  10  h  after  feeding.  From  then 
on.  a  short  plateau  in  the  level  change  of  algal  pigment  appeared 
until  22  h  postfeeding.  Subsequently,  there  was  a  rapid  decrease  in 
algal  pigment  level  in  the  abalone  viscera  from  22  to  36  h.  Then, 
the  absorbance  gradually  returned  to  the  basal  le\el  by  44  h. 

Postprandial  Changes  of  FAA  in  .Abalone  Viscera 

In  Table  1,  the  visceral  FAA  levels  before  and  at  various  in- 
tervals after  feeding  of  the  algal  diet  are  shown.  The  values  of  free 
essential  amino  acids  (FEAA)  and  free  nonessential  amino  acids 
(FNEAA)  are  presented  graphically  in  Figures  3  and  4,  respec- 
tively. The  mean  level  of  FEAA  showed  an  obvious  peak  at  4  h 
after  feeding.  It  increased  gradually  from  10  to  36  h  and  then 
maintained  at  a  relatively  stable  level  until  96  h  postfeeding.  The 
total  levels  of  FEAA  at  36,  44.  62.  and  96  h  after  feeding  were  not 
significantly  different  (p  <  0.05).  However,  some  fluctuations  in 
the  mean  level  of  FEAA  were  observed  during  the  period  from  36 
to  96  h. 

There  were  rapid  increases  in  most  FEAA  levels  during  the  first 
4  h  postfeeding  except  for  hi.stidine,  methionine,  and  tryptophan, 
which  barely  responded  to  feeding  until  16  h  after  feeding.  The 
levels  of  the  FEAA  that  attained  the  peak  at  4  h  returned  nearly  to 
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Figure  2.  Postprandial  change  of  algal  pigment  in  the  viscera  of  H. 
discus  hannai.  N'ertical  bars,  standard  error. 

basal  or  prefeeding  le\els  between  10  and  16  h  postfeeding.  Sub- 
sequently, all  FEAA  levels  gradually  increased  up  to  36  or  44  h 
(Arg  and  Val)  and  declined  to  a  \  alley  again  by  52  h.  From  52  to 
62  h.  the  concentrations  of  all  FEAA  increased,  except  for  argi- 
nine.  which  continued  to  decline  until  72  h  postfeeding.  Decreases 
were  observed  for  the  concentrations  of  almost  all  FEAA  from  62 
to  72  h.  Tryptophan,  methionine,  leucine,  and  phenylalanine  con- 
tinued to  drop  to  the  prefeeding  levels  by  96  h.  The  le\el  of  lysine 
slightly  declined  during  the  last  34  h,  but  it  was  still  higher  than  the 
basal  level.  Meanwhile,  obvious  rises  were  recorded  for  the  con- 
centrations of  valine,  threonine,  isoleucine.  and  arginine  in  the 
period  from  72  to  96  h  postfeeding.  and  their  final  concentrations 
were  significantly  higher  than  the  basal  levels.  As  a  whole,  the 
total  level  of  all  FEAA  in  viscera  at  96  h  postfeeding  was  signifi- 
cantly higher  than  the  prefeeding  level  (Fig.  3). 

The  postprandial  change  pattern  of  the  mean  le\  el  of  FT4EAA 
in  abalone  viscera  was  largely  similar  to  that  of  FEAA  (Fig.  4). 
However,  greater  variation  in  the  change  patterns  was  observed 
among  the  individual  FNEAA  than  individual  FEAA.  The  abun- 
dant amino  acids.  Asx  (aspartic  acid  plus  asparagine).  Glx 
(glutamic  acid  plus  glutamine).  alanine,  and  glycine  shov\'ed 
greater  fluctuations  than  other  amino  acids  dunng  the  96-h  sam- 
pling period.  The  maximal  level  of  FNEAA  was  attained  by  96  h. 
when  taurine  was  not  taken  into  account.  It  was  twice  higher  than 
that  of  prefeeding.  Additionally,  the  total  level  of  FNEAA  was 
always  higher  than  that  of  FEAA  (Table  1 ). 

It  can  be  seen  from  Table  1  that  taurine,  the  most  abundant 
amino  acid,  had  a  very  different  change  pattern  compared  with 
other  amino  acids  during  the  96-h  period.  Its  maximal  level  was 
measured  prefeeding  (starved  for  5  days),  but  it  suddenly  dropped 
by  62%  after  feeding.  Then,  it  maintained  relatively  steady  and 
low  levels  for  the  rest  of  the  experimental  period.  The  total  con- 
centration of  FAA  (including  taurine)  in  the  viscera  attained  three 
peaks  during  the  96-h  experimental  period.  It  appeared  at  0  (pre- 
feeding). 36.  and  96  h  after  feeding.  The  initial  and  final  levels  of 
total  FAA  in  the  viscera  were  not  significantly  different  (p  <  0.05). 

Figure  4  also  depicts  the  change  in  the  level  of  ammonia  after 
feeding  the  red  alga,  P.  palmata.  During  the  first  52  h,  the  ammo- 


nia level  had  a  change  pattern  similar  to  the  mean  level  of  FEAA. 
However,  it  steadily  increased  from  52  to  96  h  postfeeding. 

Correlation  Between  Dietary  Essential  Amino  Acids  and 
\  isceral  FE,^A 

The  correlations  between  the  essential  amino  acids  (EAA)  in 
dietar)  protein  (Mai  et  al.  1994)  and  the  FEAA  in  the  viscera  at  the 
different  sampling  times  were  established  by  correlation  analysis. 
The  results  are  shown  in  Table  2.  The  FE.AA  (not  including  tryp- 
tophan) in  the  viscera  are  shown  to  be  positively  and  significantly 
correlated  (r  =  0.58  ~  0.87.  p  =  0.018  ~  0.0002)  to  the  level 
supplied  by  the  algal  diet  P.  palmata  at  4.  22.  28.  36.  44,  52,  62, 
and  72  h  postfeeding.  No  significant  correlation  was  observed 
prefeeding  (0  h)  and  at  10.  16.  and  96  h  postfeeding.  It  can  be  seen 
from  the  correlation  coefficients  (;■)  that  the  best  correlation  (high- 
est /■  value)  was  obtained  at  36  h  postfeeding,  followed  by  those  at 
62  and  72  h  after  feeding. 

DISCUSSION 

According  to  the  time  course  of  algal  pigment  in  the  viscera 
after  feeding  in  this  study  (Fig.  3).  it  can  be  inferred  that  most 
active  digestion  took  place  during  the  first  10  h  after  the  meal. 
Considering  the  report  by  Tomita  (1972).  this  digestive  activity  is 
likely  to  be  carried  out  in  the  stomach.  The  sudden  change  in 
pigment  concentration  before  and  after  10  h  postfeeding  indicates 
that  the  undigested  food  in  the  stomach  probably  was  moved  into 
the  intestine  around  this  time.  It  means  that  the  GET  in  H.  discus 
hunnai  is  about  10  h  after  a  meal.  This  GET  is  a  little  longer  than 
that  of  3-6  h  observed  by  Tomita  (1972).  However.  GET  can  be 
affected  by  various  factors,  such  as  water  temperature,  dietary 
properties,  age  of  animal,  starvation,  meal  size,  etc.  Judging  from 
the  recognizability  of  algae  ingested  by  H.  rubra.  Foale  and  Day 
( 1992)  reported  that  digestion  speed  of  this  abalone  is  affected  by 
algal  toughness,  polyphenol  level,  and  prior  starvation.  The  red 
alga.  P.  palmata.  used  in  this  study  is  obviously  tougher  than  the 
green  alga.  U.  pertusa.  used  by  Tomita  ( 1972).  Toughness  is  likely 
to  be  one  of  the  causes  for  longer  GET  observed  in  this  experi- 
ment. 

From  10  h  postfeeding.  the  red  pigment  in  the  viscera  was 
maintained  at  a  constant  level  until  22  h  and  then  gradually  re- 
duced to  near  zero  level  by  44  h.  This  suggests  that  digestion  in  the 
intestine  lasts  longer  (34  h)  than  that  in  the  stomach  (10  h).  The 
disappearance  of  the  algal  pigment  in  viscera  suggests  that  either 
it  can  almost  be  broken  down  to  smaller  chemical  substances  that 
are  not  able  to  produce  red  color,  or  it  can  almost  be  egested  by  44 
h  postfeeding.  Using  the  algal  pigment  as  an  indicator  for  moni- 
toring the  digestive  status  of  abalone.  it  can  be  speculated  that  the 
total  food  passage  time  in  H.  discus  hanmii  fed  with  P.  palmata  at 
1 5  =  C  is  about  44  h. 

The  gut  evacuation  time  of  H.  midae  fed  a  formulated  feed  is 
approximately  18-24  h  by  means  of  gut  fullness  examination 
(Britz  et  al.  1996).  Wee  et  al.  (1992)  reported  that  H.  rubra,  took 
7  days  to  void  all  digesta  through  the  gut  after  a  meal  at  10- 
16.5^C,  judging  from  fecal  collection.  There  appeared  to  be  three 
types  of  feces  voided  during  this  period:  ( I )  discrete  whole  pellets, 
(2)  clumps  of  amorphous  materials,  and  (3)  long.  thin,  dark  strings. 
Toward  the  end  of  this  period.  Type  3  feces  dominated.  Wee  et  al. 
(1992)  proposed  that  the  composition  of  the  different  fecal  types 
should  be  reexamined  and  the  reason  for  the  production  of  differ- 
ent types  of  feces  in  the  abalone  should  be  investigated.  In  Penaeus 


720 


Mai  et  al. 


< 


Z    ~ 

< 


oooooooo 


oooooooc 


oocoooooo 


o  o  o  o 


o  o  o  o  o  o  c 
o  o  c:"  o   o  o 


3    O    O    O    O 


n    00    —   Tf   (N    ir, 


m  ^  ^^  m  — 

\0    O    r*-.    —    — 
r-J    r^.   <-^.    rsl    i/~, 


</",     r^.     V.     nt 


'O    w.    O    V.    00 


.   00   00   ^o   00   m 
u',    ■+    DO   o   r-   -^ 


—    Voo"^'—     —    co"^—    Orf 

oc^r~-coc;(~la^   —   —   — 
— .   ri    —    o>    -i"    r-i   n   r-   n-,   o 


—    w.   \0    r-    w".   -i"   n-,   lo    -  ■    -- 


oc   ir,    o    O 


r^    ^    lO   O 


O     •£>     "O     \D     0^     — 
w-^    ^    (N    O    On    r- 


V2 


ri    1^,    ^C    1^    — ' 


rr.    LTi    oo    r--,    oo    r-    \D    r~~ 


i»-i    C    ^    -f    sO 


—    -t    ri    ov 


r^    ir,   r*-,   — 


r^  iK  so    —  "^  ■5- 

-J.     _     _    ^    ON    Ov 


*o   r-    —    ON   r~-   n 


-i-,  ^      ■■;_   'i^   'i^  J2     "5-,  -^   %. 

•+    '^   ri    o    0\    'V  -Tf    r-    ri 
—    inTf^r*-,    r-ri    —    ■— 


IT-,    r-    r<-,    — 


'  o^  o   \o   — 


u~i    'Tt    \D    —    -tr^'OO 


oO'ri-^r-'+i/-if^,    lOriov-^rj-^ 


r-    00   r~    On    "",   U-,   r^ 


f^i    U-,    ri    m 


r-  00  \0  ^ 
w"i  r^  On  vO 
—    ri    -1-    — 


C    "C    'i    ^    S    "^ 

n    r~-    ri    O'    rj    .  ,    . 

t^j   -^   r-   0\   sD   r-   ^   U-, 


r-    n    —    3    r- 


—    ri    00  —  w-i  ri  —  —  ir, 

^  —  O  nC  r-  —  r*-, 

O  P~  On  —  nC  -^  ir, 

r**l  «i-i  oi  r^.  —  r]  Tf 


CO 

< 


■t3 

a: 


n-i-^oOP-i^^-r-':}- 


i-v  00    —    W-)    O    r^i    — ■    ■ 
rs   —   NO   "*    —   —    r-    ■ 


.    OO     OO     "*     -7t     ( 
NO     -H     ■rj-     ri 


>/-,    o    oc    r>i    o    r^. 
—   r',   ON   rt   r^   -r 


oo    00    rvi    m 


—  rsi   ■^ 


ONr-   —   ir;Orjr-NOOoo 

r-     O     O     W~i     (N     On     «^,     NO     r^     f"! 

^     r—    (N     fN     —     — ■     r^i     l/-i     n-,     — 


—  oc    oc 


nw-,    n-toc-to^r^ 


t^     r~~    r-i    o\    ri 


< 
> 

o 


< 

< 


ON   -rr   -t   r~    i^  t-- 


oo    o^    nj    I/-,    I/-. 


■t.   _-    -i^   U-, 
o   —  ON  r-   — 


r-   r-~   o  »r-, 


ON    NO    m    ON 


o   o    ly-i    r-    r-. 


\o   ^    w~,    ~    — 


r~-    —   n   U-)   nD   — 


(N   oo   —   r- 


i/-i    r-j    m    NO    ~ 


■:J--Ti/-.    ONONO^rvlONON-^ 


i/~,   NO   <N    OC   c:    -f 


ON    ir,   Tt    o    nC   r-a   O    -^    a:    "T, 

-■-    —  —  in    f^.    On    oo    — 


O     ON      ^ 


^      -i-    ;_.  i^  «i-i    'i-.   --, 


XX      ^,    3^  ^   c 
^   ^    OO    P-    (N     — 

nD    m    (N    r^    ><C    f"l 


X     W.      On     -t 


-r    o*    oo    00    ~ 

-r    T.   r\    —    n 

r\     >r,     rr-,  -f 


r~~    --D    —    3-    yr.    y/', 


< 
< 

UJ 
2 


< 
< 

UJ 


ri    r^    ON    oi 


ir-,     00     -^-     NO 


u",    ir,    I/",     -(■     NO 


< 
< 

w 


■C       l_       -J     —       ■''       i^   -—     -^       I-       U       •'I     <^ 

HH><<UOOa.i/;HH 


< 

<  <  _, 

<  m  < 
■  UJ  Z  < 

u.  u.  u. 

'•I  1^1  ;^J 


Postprandial  Changes  in  Vischra 


721 


-Ajg 

—  Lys 

-Val 

-Leu 

-rie 

-Thr 

-Phe 

-Mel 

-His 

-Trp 

■MeanEAA 


Figure  3. 
Iiannai. 


30        40        50        60        70        80        90        100 
Time  after  feeding  (h) 

Postprandial  change  of  FEAA  in  the  >iscera  of  H.  discus 


chinensis.  the  feed  movement  in  its  digestive  tract  can  easily  be 
seen  from  its  dorsal  side.  Interestingly,  the  prawn  continued  to 
void  some  long,  thin,  and  colored  egesta.  which  are  similar  to  Type 
3  feces  of  abalone.  e\'en  after  there  was  no  observable  food  nio\  e- 
ment  in  the  digesti\e  canal  (K.  Mai  pers.  obs.).  This  means  that  the 
long.  thin,  colored  strings  could  probably  consist  of  mucus  and 
digestive  fluid  rather  than  the  undigested  diet.  Additionally,  aba- 
lone  may  ingest  fecal  matter  and  pedal  mucus  during  the  fasted 
period  (Britz  et  al.  1996).  Therefore,  the  real  time  for  H.  rubra  to 
complete  the  digestion  of  a  satiation  meal  may  be  shoner  than  the 
total  time  for  completing  fecal  collection. 

Although  the  total  food  passage  times  in  abalone  reported  by 
different  authors  are  fairly  discrete,  they  are  longer  than  those  of 
most  fish,  where  the  total  food  passage  times  range  from  1 .5  to  8 
h  for  herbivorous  fish  and  5  to  26  h  for  carnivorous  fish  (Smith 
1989).  The  total  food  passage  time  (gut-clearance  time)  of  the 
algivorous  sea  urchin.  Paracenironts  lividus,  was  about  5  days 
(Lawrence  et  al.  1989).  However,  when  the  echinoids  were  fed 
food  containing  carmine  and  then  fed  nonmarked  food  on  the 
following  days,  the  gut  residence  time  of  the  marked  food  ransed 
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Figure  4.  Postprandial  change  of  FNE.\A  in  the  \iscera  of  H.  discus 
hannai.  MFNEAA,  mean  level  of  FNEAA. 


TABLE  2. 

.Sumniar>  of  correlation  analyses  between  the  EAA  in  dietary  alga 

P.  palmala  and  the  mean  \alues  of  FFAA  in  the  viscera  of  H.  discus 

hannai  sampled  at  different  times  after  feeding. 


Sampling  Time  (h) 
Postfeeding 


'If 


Significance 


0 
4 
10 
16 
22 
28 
36 
44 
52 
62 
72 
96 


7 

0.39.^ 

4.576 

0.069 

7 

0.370 

9.272 

0.018 

7 

0.407 

4.797 

0.065 

7 

0.380 

4.285 

0.077 

7 

0.666 

13.981 

0.007 

7 

0.761 

22.246 

0.002 

7 

0.858 

42.226 

0.000 

7 

0.738 

19.688 

0.003 

7 

0.740 

19.945 

0.003 

7 

0.845 

38.143 

0.000 

7 

0.815 

30.931 

0.001 

7 

0.221 

1.981 

0.202 

** 
** 


The  EAA  data  of />.  palmata  was  based  on  the  repon  by  Mai  et  al.  (1994). 
and  Trp  was  not  included  in  the  correlation  analyses. 

from  only  8  to  50  h.  Interestingly,  their  results  indicate  that  the 
time  for  a  meal  to  pass  the  digestive  tract  is  affected  by  feeding 
regimen  but  not  by  food  quality  (Lawrence  et  al.  1989). 

It  can  been  seen  from  the  comparison  between  the  postprandial 
change  of  dietary  pigment  in  the  viscera  and  that  of  FEAA  that 
both  the  pigment  and  the  FEAA  are  effective  indicators  reflecting 
the  status  of  digestion  and  absorption  in  abalone  after  a  meal. 
Evidently,  the  levels  of  FEAA  are  mainly  a  result  of  food  diges- 
tion, because  highly  significant  correlations  were  established  be- 
tween the  EAA  in  the  diet  and  the  FEAA  in  the  viscera  at  certain 
sampling  times  (Table  2).  The  changing  pattern  of  total  FEAA  in 
the  viscera  and  the  correlation  coefficient  (/)  are  surprisingly  simi- 
lar between  22  and  72  h  after  feeding.  The  first  significant  corre- 
lation was  established  at  4  h  postfeeding.  indicating  that  the  stom- 
ach digestion  was  mainly  carried  out  during  the  first  4  h  postfeed- 
ing. However,  the  r  value  at  4  h  was  the  lowest  of  the  correlations 
between  dietary  EAA  and  FEAA  in  the  viscera.  This  suggests  that 
only  preliminary  digestion  was  in  progress  in  the  stomach  for  the 
first  4  h  and  that  only  the  amino  acids  that  are  in  a  free  state  or 
relatively  easily  broken  down  are  released  during  the  initial  period 
of  stomach  digestion.  The  correlation  coefficients  gradually  in- 
creased from  10  to  36  h  and  then  stayed  at  high  and  significant 
levels  until  72  h  postfeeding.  The  highest  /•  value  was  obtained  at 
36  h.  This  addresses  the  question  raised  by  Mai  et  al.  ( 1994)  of  the 
most  suitable  sampling  time  for  calculating  the  inde.\.  balance,  and 
adequac>  of  free  EAA  in  \  iscera  to  evaluate  the  nutritional  values 
of  protein  in  natural  feeds  for  herbivores  or  algivores.  The  fact  that 
correlation  coefficients  and  the  total  FEAA  level  in  viscera  were 
maintained  at  higher  levels  from  22  to  72  h  implies  that  digestion 
and  absorption  possibly  continue  until  72  h  after  feeding.  How- 
ever, this  may  represent  the  rhythmic  digestion  and  intracellular 
digestion  of  the  absorbed  small  protein  molecules  and  peptides 
during  the  period  from  44  to  72  h  postfeeding.  which  is  common 
in  certain  mollusks  (Morton  1983).  This  may  also  indicate  that 
absorbed  amino  acids  are  stored  in  the  visceral  pools  for  a  long 
period,  because  abalone  tissues  are  usually  rich  in  FAA  (Mai  et  al. 
1994).  Britz  et  al.  ( 1996)  found  a  slight  increase  in  the  gut  volume 
and  solid  content  of  H.  midae  during  the  second  dark  period,  when 
no  food  was  offered.  They  suggested  that  the  abalone  ingested 
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other  material,  like  fecal  matter  and  pedal  mucus.  This  phenom- 
enon can  probably  explain  the  slight  increases  on  the  visceral  FAA 
during  the  second  (24-36  h).  third  (48-60  h),  and  fourth  (72-84  h) 
dark  periods  in  this  study  (Figs.  3  and  4).  However,  further  inves- 
tigations are  needed  to  fully  understand  the  real  causes  for  the 
fluctuations  of  FEAA  and  FNEAA  in  the  viscera  during  the  di- 
gestive process. 

From  72  h  to  the  end  of  the  experiment,  there  were  two  trends 
for  the  levels  of  the  FEAA  in  the  viscera.  Lysine,  leucine,  phenyl- 
alanine, methionine,  and  tryptophan  dropped,  even  below  the  pre- 
feeding  levels  at  96  h,  except  for  lysine.  Meanwhile,  valine,  threo- 
nine, isoleucine,  arginine,  and  histidine  increased  again,  even  up  to 
the  highest  levels,  except  arginine.  The  trend  during  the  last  24  h 
was  perhaps  mainly  due  to  the  catabolism  of  tissue  protein,  be- 
cause these  abalone  had  been  fasted  for  3  days  after  the  experi- 


mental meal.  This  hypothesis  is  supported  by  the  evidence  that  the 
lowest  correlation  coefficient  was  observed  at  96  h.  Additionally, 
the  rapid  rise  of  ammonia  level  in  the  viscera  after  52  h  (Fig.  4) 
may  be  an  indicator  of  deamination  for  meeting  their  energy  re- 
quirement in  a  starving  state.  However,  the  real  reason  for  the 
increasing  NH,  level  in  the  viscera  remains  unknown. 

From  the  discussion  above,  it  is  proposed  that  the  gastric  emp- 
tying time  of  H.  discus  lumiiai  feeding  on  P.  palmata  at  15°C  is 
about  10  h.  and  its  total  food  passage  time  is  about  44  h.  with  the 
algal  pigment  as  an  indicator.  However,  its  amino  acid  absorption 
may  last  longer. 
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DEVELOPMENT  OF  POLYSACCHARIDE  DEGRADATION  ACTIVITY  IN  POSTLARVAL 

ABALONE  HALIOTIS  DISCUS  HANNAI 
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ABSTRACT  Changes  in  the  activity  of  the  digestive  enzymes  against  carboxymethylcellulose  (CMC),  alginate,  laminarin.  and 
fucoidan  in  postlarval  abalone  Halioris  discus  hannai  were  measured  from  7  days  after  settlement  (Day  7)  to  46  days  after  settlement 
(Day  46)  every  5-10  days.  Shell  length  (SL)  and  protein  per  individual  showed  a  rapid  increase  after  Day  37.  Enzyme  activity  was 
not  detected  on  Day  7  (0..'i2  ±  0.01  mm  SL.  mean  ±  standard  error)  but  by  Day  17  (0.97  ±  0.02  mm  SL).  there  was  detectable  activity 
from  all  enzymes.  This  indicates  that  a  suite  of  enzymes  for  brown  algal  feeding  is  produced  even  by  the  postlarval  stage.  Changes 
in  the  total  activity  of  CMCase.  alginate  lyase,  and  laminarinase  showed  a  pattern  similar  to  the  growth  rate,  with  a  rapid  increase 
observed  after  Day  37  ( 1 .59  ±  0.04  mm  SL).  However,  specific  activities  did  not  show  the  marked  changes  evident  in  the  total  activities, 
suggesting  that  the  rapid  increase  of  total  activities  observed  after  Day  37  was  mainly  caused  by  increased  production  of  digestive 
enzyme  w  ith  growth.  Despite  the  negligible  contents  of  cellulose  and  alginate  in  food  of  postlarvae.  Days  37  and  46  postlar\'ae  showed 
strong  enzyme  activity  against  these  polysaccharides,  suggesting  that  the  appearance  of  enzyme  activity  during  postlarval  development 
does  not  require  the  presence  of  a  substrate. 

KEY  WORDS:     postlarval  abalone.  feeding,  digestive  enzyme.  Haliotis  discus  hannai 


INTRODUCTION 

Information  on  the  feeding  habits  of  the  early  life  stages  of 
Haliotis  discus  hannai  Ino  1953  has  markedly  increased  in  recent 
years  (e.g..  Kawamura  and  Takami.  1995.  Kawamura  et  al.  1995. 
Kawamura  et  ak  1998b.  Seki  1997.  Takami  et  al.  1997a,  Takami 
et  al.,  1997b).  Benthic  diatoms  have  been  recognized  as  the  main 
food  source  of  early  life  stages  of  abalone.  The  dietary  value  of 
specific  benthic  diatoms  varies  between  diatom  species  (and  even 
strains)  and  also  with  the  developmental  stage  of  the  abalone 
(Kawamura  and  Takami  1995,  Kawamura  et  al.  1995,  Kawamura 
et  al.  1998a).  In  Japanese  abalone  hatcheries,  plastic  plates  domi- 
nated by  the  benthic  diatoms  Cocconeis  spp.  are  used  for  rearing 
postlarvae  (Seki  1980).  Cocconeis  spp.  are  suitable  foods  for  fa- 
vorable growth  of  postlarval  abalone  of  more  than  ~1  mm  shell 
length  (SL)  (Kawamura  et  al.  1995.  Takami  et  al.  1997a).  How- 
ever, it  has  been  suggested  that  juvenile  abalone  of  more  than  10 
mm  SL  do  not  prefer  grazing  on  these  benthic  diatom  species  if 
other  more  favorable  foods  are  available  (loriya  and  Suzuki  1987. 
Suzuki  et  al.  1987.  Kawamura  et  al.  1998b).  because  Cocconeis  is 
not  an  efficient  food  source  for  these  large  juveniles  (Takami  et  al. 
1996). 

It  has  been  previously  reported  that  juvenile  H.  discus  hannai 
begin  to  feed  on  macroalgae  at  about  5  mm  SL  (Seki  1997). 
Further,  Haliotis  discus  discus  Reeve  1846  of  3—4  mm  SL  shows 
a  rapid  growth  rate  feeding  on  juvenile  macroalgae  (Maesako  et  al. 
1984).  Large  juvenile  and  adult  H.  discus  hannai  prefer  to  feed  on 
brown  algae  of  the  order  Laminariales  (Sakai  1962.  Kikuchi  et  al. 
1967.  Uki  1981)  and  show  rapid  growth  rates  feeding  on  these 
algal  species  (Kikuchi  et  al.  1967,  Uki  1981.  Uki  et  al.  1986). 
Thus,  a  shift  in  the  feeding  habit  from  diatom  feeding  to  macroal- 
gal  feeding  appears  to  occur  at  5-10  mm  SL  (Kawamura  et  al. 
1998b).  However,  there  has  been  limited  research  on  the  develop- 
ment of  enzyme  activity  allowing  abalone  to  digest  macroalgae. 

Macroalgae  of  the  order  Laminariales  contain  significant 
amounts  of  polysaccharides  such  as  cellulose,  alginate,  and  lami- 
narin. These  polysaccharides  could  be  important  energy  sources 


for  abalone  (Leighton  and  Boolootian  1963).  in  which  case  it  is 
necessary  to  produce  polysaccharide-degrading  enzymes  in  the  gut 
because  algal  polysaccharides  are  not  digestible  without  specific 
enzymes.  Indeed,  adult  abalone  have  higher  enzyme  activities 
against  polysaccharides  from  brown  algae  than  those  from  green 
and  red  algae  (Onishi  et  al.  1985.  Anzai  et  al.  1991). 

Thus,  the  activities  of  digestive  enzymes  reflect  the  feeding 
habit  of  the  abalone.  In  this  study,  we  measured  the  ability  of 
postlarval  H.  discus  hannai  (7—4-6  days  postsettlement)  to  degrade 
brown  algal  polysaccharides. 

MATERIALS  AND  METHODS 

Rearing  of  Postlar\ae 

Larval  abalone  were  hatched  in  June  1997  by  the  procedures 
described  by  Uki  and  Kikuchi  (1984)  at  the  Iwate  Sea  Farming 
Association  (Iwate.  Japan).  Four  days  after  fertilization  at  20°C, 
the  veliger  larvae  were  transported  to  the  Tohoku  National  Fish- 
eries Research  Institute  (Miyagi.  Japan)  within  4  h.  The  method  of 
transportation  of  veliger  larvae  used  in  this  study  did  not  affect 
larval  behavior  (Kawamura  and  Kikuchi  1992). 

Plastic  water  tanks  (diameter.  28  cm;  height.  14  cm)  were  used 
for  rearing  of  postlarvae.  The  inside  of  the  tanks  was  covered  with 
a  unialgal  benthic  diatom  Cocconeis  scutellwn  Ehrenberg  1838 
that  had  previously  been  grazed  by  juvenile  abalone  (2  cm  SL, 
15-16  individuals  per  tank)  overnight,  ensuring  that  trail  mucus 
was  available.  Cocconeis  spp.  coated  with  trail  mucus  of  juvenile 
abalone  have  a  high  potential  for  the  induction  of  settlement  and 
metamorphosis  of  larvae  and  provide  a  suitable  food  source  for  all 
stages  of  postlarval  abalone  (Takami  et  al.  1997a). 

Five-day-old  larvae,  which  were  ready  to  metamorphose  (Seki 
and  Kan-no  1981 ).  were  placed  in  the  tanks  at  a  density  of  ap- 
proximately 5.000  larvae  per  tank.  This  initiation  of  settlement  was 
termed  Day  0.  Forty-eight  hours  after  the  introduction  of  larvae  to 
the  tanks,  the  remaining  swimming  larvae  were  removed,  and  the 
settled  and  metamorphosed  larvae  (approximately  10%  of  the  ini- 
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tially  introduced  swimming  larvae)  were  reared  for  46  days  in  the 
tanks  containing  filtered  seawater  (0.45-(xm-pore-size  Millipore 
filter)  at  20°C.  6.000  lux  with  a  12L:I2D  photopenod.  All  of  the 
seawater  was  exchanged  every  4  or  5  days.  On  Days  17  and  37 
postsettlement,  the  postlarvae  were  transfen'ed  to  new  tanks,  the 
insides  of  which  were  covered  with  a  monocultured  benthic  diatom 
C.  scutelhmi,  enabling  postlarvae  to  always  have  access  to  suffi- 
cient food  during  the  experimental  period. 

Sample  Preparation 

Postlarval  abalone  for  enzyme  assays  were  taken  on  Days  7,  17, 

22,  28,  37,  and  46.  Individuals  were  carefully  removed  from  the 
tank  walls  with  a  water  jet  from  a  pipette  and  were  rinsed  well  with 
filtered  seawater  (0.4.'i-|j.m-pore-size  Millipore  filter)  to  remove 
any  diatom  cells  and  feces  attached  to  their  bodies.  Because  of  the 
difficulty  of  measuring  low  enzyme  levels.  10-30  individuals  were 
pooled  in  10-nil  centrifuge  tubes  (six  tubes  per  sampling  day).  The 
SL  of  20  individuals  selected  at  random  from  these  samples  on 
each  sampling  day  was  measured  to  the  nearest  0.01  mm  with  an 
inverted  optical  microscope.  Samples  were  frozen  at  -80°C  until 
the  enzyme  assay. 

Assay  of  Enzymes 

Frozen  postlarvae  were  homogenized  in  1  niL  of  100  mM 
potassium  phosphate  buffer  that  had  been  set  on  ice.  pH  6.9.  with 
a  glass  hand  homogenizer  (10-mL  centrifuge  tube  and  a  tissue 
grinder).  The  tip  of  the  tissue  grinder  was  rinsed  with  1  mL  of 
homogenization  buffer,  and  the  vials,  containing  2  niL  of  homo- 
genate.  were  centrifuged  at  2.250  g  for  30  min.  The  supernatant 
was  u.sed  for  the  assays  of  enzyme  activities  and  protein  content. 

Carboxymethylcellulase  (CMCase),  alginate  lyase,  laminari- 
nase.  and  fucoidanase  activities  were  measured  on  each  sampling 
date.  Carboxymethylcellulose  (CMC)  (Sigma.  Ref.  C-5678).  .so- 
dium alginate  (Sigma.  Ref.  A-2I5S).  laminarin  (Sigma,  Ref. 
L-9634).  and  fucoidan  (Sigma.  Ref.  F-5631)  were  used  as  sub- 
strates for  CMCa.se.  alginate  lyase,  laminarinase,  and  fucoidanase 
activities,  respectively.  The  assay  system  of  enzymatic  activities 
consisted  of  450  p,L  of  3%  (wt/vol)  substrate  solution  dissolved  in 
buffer  and  50  |jlL  of  the  crude  enzyme  extract.  Mixtures  were 
incubated  for  2  h  at  37°C.  Reactions  were  stopped  by  placement  in 
a  boiling  water  bath  for  3  min.  After  centrifugation  (2,250  g  for  15 
min),  supematants  were  used  for  the  analysis  of  reducing  sugars 
(RS).  RS  were  determined  spectrophotomelrically  by  the  method 
of  Nelson  ( 1944)  as  modified  by  Somogyi  (1952).  with  glucose, 
galacturonic  acid,  glucose,  and  fucose  as  standards  for  CMCase, 
alginate  lyase,  laminarinase.  and  fucoidanase.  respectively.  Results 
were  corrected  by  subtraction  of  the  coiresponding  blank.  Enzyme 
activities  were  expressed  as  micrograms  of  RS  produced  per  hour 
per  individual  (total  activities)  or  per  microgram  of  protein  (spe- 
cific activities). 

Enzyme  activities  measured  in  this  study  are  activities  for  the 
whole  body  because  even  the  individuals  sampled  on  Day  46  were 
loo  small  to  dissect  and  remove  the  digestive  tract.  A  preliminary 
experiment  with  juvenile  H.  iliscus  luiiinai  (5-10  mm  SL)  showed 
that  for  eviscerated  specimens,  the  CMCase.  alginate  lyase,  and 
laminarinase  activities  were  negligible  in  comparison  to  specimens 
with  intact  digestive  tracts.  In  this  study,  therefore,  we  suggest  that 
the  polysaccharide  hydrolase  activities  measured  in  the  whole- 
body  specimens  can  be  effectively  considered  as  the  digestive 
enzyme  activities. 


Protein  Determination 

Measurement  of  the  soluble  protein  content  was  carried  out  by 
Peterson's  modification  of  the  micro-Lowry  method  (Peterson 
1977).  Protein  concentration  was  calculated  with  bovine  serum 
albumin  as  a  standard. 

Statistical  Analyses 

All  statistical  analyses  were  carried  out  with  the  JMP  (SAS 
Institute  Inc..  Cary.  NC)  statistical  computer  package. 

RESULTS 

Postlarvae  grew  well  during  the  experimental  period  and 
reached  a  mean  SL  of  2.40  ±  0.1  mm  (mean  ±  standard  en'or)  on 
Day  46.  The  growth  in  SL  was  not  linear;  the  postlarvae  showed 
a  markedly  higher  growth  rate  during  Days  37-46  (89.9  (jim/day) 
than  that  during  Days  7-37  (36.0  p.m/day)  (analysis  of  covariance 
[ANCOVAj.  p  <  0.01:  Fig.  1).  Soluble  protein  per  individual 
also  increased  dramatically  after  Day  37  (1.59  ±  0.04  mm  SL) 
(ANCOVA.  p  <  0.01;  Fig.  2).  reflecting  a  rapid  increase  in  body 
mass. 

Total  CMCase  activity  (|j.g  of  RS/individual  per  h)  was  first 
detected  on  Day  17  (0.97  ±  0.02  mm  SL)  and  increased  with  age 
(Fig.  3A).  However,  the  relationship  between  the  enzyme  activity 
and  the  number  of  days  after  settlement  was  not  linear.  The  total 
activity  increased  slowly  from  Day  17  to  Day  37  and  then  rose 
sharply  between  Days  37  and  46  (ANCOVA.  p  <  0.01;  Fig.  3 A). 
Similarly,  alginate  lyase  and  laminarinase  activity  was  first  de- 
tected on  Day  17  and  increased  rapidly  after  Day  37  (ANCOVA, 
p  <  0.01;  Fig.  3B  and  C).  Although  fucoidanase  activity  was  also 
detected  on  Day  17.  activity  did  not  show  a  clear  increase  with  age 
and  remained  at  low  levels  in  comparison  with  other  enzyme  ac- 
tivities (Fig.  3D). 

In  CMCase  and  fucoidanase.  there  was  no  clear  trend  between 
the  specific  activities  (p,g  of  RS/(jLg  of  protein  per  h)  and  the  age 
of  postlarvae  (r  =  0.28.  p  =  0.16  for  CMCase  and  c  =  0.27.  p  = 
0.15  for  flucoidanase,  respectively;  Fig.  4A  and  D).  In  contrast, 
specific  activities  of  alginate  lyase  and  laminarinase  increased  with 
age  (;■  =  0.55.  p  <  0.01  for  alginate  lyase  and  /■  =  0.63.  p  <  0.01 
for  laminarinase.  respectively;  Fig.  4B  and  Cl.  However,  the 
marked  increase  that  occuned  in  the  total  activity  after  Day  37  was 
not  observed  in  the  specific  activities  of  alginate  lyase  and  lami- 
narinase. 
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Figure  1.  Postlarval  <;roHth  of//,  discns  hannai  in  SL.  Data  indicate 
the  mean  ±  SK  (n  =  20). 
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Figure  2.  Postlarval  growth  of  H.  discus  hannai  in  protein  content. 
Data  indicate  the  mean  ±  SE  (n  =  6). 

DISCUSSION 

Postlarval  growth  in  SL  and  protein  content  significantly  in- 
creased after  Day  37  (Figs.  I  and  2).  A  similar  growth  pattern  was 
reported  on  postlarval  H.  discus  hannai  by  Takarni  et  al.  ( 1997b); 
rapid  grow  th  was  observed  from  ~  1 .5  mm  SL.  Further.  H.  discus 
discus  showed  a  sharp  increase  during  the  formation  of  respiratory 
pores  (-2  mm  SL)  (Ino  1952).  In  this  study,  all  of  the  postlarvae 
sampled  on  Day  46  had  one  or  two  respiratory  pores.  Total  activi- 
ties of  CMCase.  alginate  lyase,  and  laminarinase  also  increased 
dramatically  after  Day  37  (Fig.  3A-C).  but  the  specific  activities  of 
these  enzymes  did  not  show  any  marked  changes  during  this  pe- 
riod (Fig.  4A-C).  Thus,  the  large  changes  observed  in  total  activi- 
ties were  mainly  caused  by  the  rapid  growth  of  postlarvae;  changes 
of  total  activities  were  accompanied  by  a  large  increase  in  SL  and 
protein  content. 

In  this  study,  postlarvae  were  fed  on  the  benthic  diatom  C. 
scutellum  with  juvenile  trail  mucus  from  just  after  metainorphosis 
to  Day  17  (0.97  ±  0.02  mm  SL)  and  only  C  scutellum  from  Day 
17  to  Day  46.  The  feeding  regimen  during  this  experimental  period 
can  be  considered  to  be  comparable  to  that  on  conditioned  (pre- 
grazed)  plates  used  in  abalone  hatcheries  to  rear  postlarvae 
(Takami  et  al.  1997a).  The  newly  metamorphosed  stage  (from  just 
after  metamorphosis  to  -0.8  mm  SL)  of  postlarvae  cannot  detach 
diatom  cells  of  Cocconeis  spp.  with  their  radula  (Kawamura  and 
Takami  1995.  Takami  et  al.  1997a.  Daume  et  al.  1997,  Kawamura 
et  al.  1998a).  The  extracellular  mucus  of  diatoms  (Kawainura  and 
Takami  1995,  Takami  et  al.  1997a)  and  trail  mucus  left  by  juve- 
niles during  grazing  (Takami  et  al.  1997a)  are  thought  to  be  the 
main  food  sources  for  newly  metamorphosed  postlarvae  on  these 
conditioned  plates.  Postlarvae  of  more  than  approximately  0.8  mm 
SL  can  dislodge  Cocconeis  spp.,  breaking  cells  and  accessing  the 
cell  contents  (Kawamura  1996,  Takami  et  al.  1997a.  Kawamura  et 
al.  1998b).  In  this  study,  the  mean  SL  of  postlarvae  on  Day  17  was 
0.97  ±  0.02  mm.  Thus,  it  appears  that  postlarvae  were  already 
capable  of  ingesting  diatom  cell  contents  by  Day  17.  The  principal 
storage  polysaccharide  in  diatoms  is  chrysolaminarin,  the  structure 
of  which  is  similar  to  that  of  laminarin;  both  are  g-l,  3-glucans. 
with  a  small  degree  of  branching  at  C-6,  containing  16-34  glucose 
units  (Beattie  et  al.  1961.  Ford  and  Percival  1965,  Darley  1977).  It 
is  known  that  chrysolaminarin  is  hydrolyzed  by  laminarinase 
(  =  P-1.  3-glucanohydrolase)  activity  (e.g.,  Hassett  1994).  Because 
laminarinase  activity  was  detected  on  Day  17  (Fig.  4C),  postlarvae 
might  possess  the  digestive  ability  to  break  down  the  storage 
polysaccharide,  chrysolaminarin,  of  Cocconeis  cells  by  that  time. 
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Figure  3.  Relationship  between  total  digestive  enzyme  activities  (^ig  of 
RS/individual  per  h)  and  age  (in  days)  of  postlarval  H.  discus  hannai. 
Data  are  for  the  mean  ±  SE  (n  =  6).  (A)  CMCase  activity.  (B)  alginate 
lyase  activity,  (C)  laminarinase  activity,  (D)  fucoidanase  activity. 

The  hepatopancreas  of  adult  abalone  produces  endogenous  en- 
zymes to  digest  algal  polysaccharide  (Nakada  and  Sweeny  1967, 
Erasmus  et  al.  1997).  However,  Gariand  et  al.  ( 1985)  observed  that 
bacteria  in  the  fecal  material  of  13-wk-old  Haliotis  rubra  Leach 
1814  (2.4  mm  SL)  remained  viable,  and  they  suggested  that  bac- 
teria could  perform  metabolic  activities  in  the  gut  that  were  highly 
significant  to  the  development  of  the  host.  Viable  bacteria  have 
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Figure  4.  Relationship  between  digestive  enzyme  specific  activities  (pg 
of  RS/fig  of  protein  per  h)  and  age  (in  days  I  of  postlarval  H.  discus 
liamiai.  Data  are  for  the  mean  +  SE  (n  =  6).  (A)  CMCase  activity,  (Bl 
alginate  lyase  activity,  (C'l  laniinarinase  activity,  (D)  fucoidanase  ac- 
tivity. 


Postlarvae  in  this  study  were  not  under  axenic  conditions.  The 
enzyme  activities  might  be  influenced  by  those  of  gut  bacteria. 

The  digestive  enzyme  composition  observed  in  individuals 
sampled  on  Days  37  and  46  were  consistent  with  previous  findings 
reported  for  adult  abalone.  Japanese  Haliotis  spp.  possess  strong 
digestive  enzyme  activities  against  polysaccharides  that  occur  in 
brown  algal  cells  such  as  cellulose,  alginate,  and  laminarin  (Onishi 
et  al.  1Q85,  Nakagawa  and  Nagayama.  1988.  Yamaguchi  et  al. 
1989,  Anzai  et  al.  1991 ),  with  the  exception  of  fucoidan  (Onishi  et 
al.  1985,  Anzai  et  al.  1991 ).  The  presence  of  food  in  gut  is  one  of 
the  main  stimuli  for  the  secretion  of  digestive  enzymes.  Further, 
activity  of  digestive  enzymes  is  influenced  by  the  chemical  com- 
position of  food  (Knauer  et  al.  1996,  Erasmus  et  al.  1997).  Adult 
H  inidae  Linnaeus  1758  can  alter  their  digestive  enzyme  compo- 
sition to  best  use  brown  or  red  algae  (Erasmus  et  al.  1997).  In  this 
study,  the  appearance  and  increase  of  laminarinase  activity  may 
have  been  partly  due  to  the  diatom  (chrysolaminarin-rich)  diet. 
However,  despite  the  negligible  contents  of  cellulose  and  alginate 
in  diatom  cells,  the  enzyme  profiles  of  Days  37  and  46  po.stlarvae 
also  showed  strong  enzyme  activity  against  these  polysaccharides 
(Eig.  3A  and  B).  This  suggests  that  the  appearance  of  enzyme 
activity  during  postlarval  development  does  not  require  the  pres- 
ence of  a  substrate.  Alternatively,  activities  of  these  enzymes  could 
be  caused  by  gut  bacteria.  Erasmus  et  al.  ( 1997)  showed  that  most 
of  the  bacterial  strains  isolated  from  the  gut  of  adult  H.  midae 
synthesized  two  or  three  carbohydrases.  It  is  possible  that  chryso- 
laminarin-degrading  bacteria  in  the  postlarval  gut  possessed 
CMCase  and  alginate  lyase  in  addition  to  laminarinase.  It  would  be 
interesting  to  identify  the  enzyme  activities  of  bacteria  resident  in 
the  digestive  tract  of  postlarvae. 

Changes  of  total  activities  of  CMCase,  alginate  lyase,  and  lami- 
narinase were  accompanied  by  postlarval  growth.  However,  an 
increase  of  these  activities  did  not  merely  reflect  an  increase  in 
body  mass.  Gradual  increase  in  specific  activity  of  alginate  lyase 
and  laminarinase  (Fig.  4B  and  C)  may  be  due  to  a  qualitative 
change  in  the  digestive  system  as  well  as  a  quantitative  one.  It  is 
possible  that  the  activities  measured  in  this  study  are  the  result  of 
different  isozymes  that  become  active  during  postlarval  develop- 
ment. For  example,  two  kinds  of  alginate  lyase  were  purified  from 
hepatopancreas  of  adult  abalone  (Nakada  and  Sweeny  1967, 
Boyen  et  al,  1990). 

H.  discus  himinii  of  4-5  mm  SL  begin  to  feed  on  macroalgae 
(Seki  1997),  and  H.  discus  discus  of  3-4  mm  SL  show  a  rapid 
growth  rate  feeding  on  juvenile  macroalgae  (Maesako  et  al.  1984). 
Abalone  may  begin  to  effectively  use  macroalgae  from  these  de- 
velopmental stages.  This  study  shows  that  a  suite  of  enzymes 
useful  for  digesting  brown  algal  polysaccharides  is  produced  even 
by  postlarval  abalone  (-1  mm  SL).  This  suggests  that  postlarvae 
may  use  brown  algal  polysaccharide  if  they  can  ingest  either  the 
algal  cells  or  their  surface  biofilm.  The  morphological  develop- 
ment of  feeding  apparatus  such  as  the  radula  (Daume  et  al.  1997, 
Roberts  et  al.  unpubl.)  also  needs  further  investigation  to  elucidate 
the  developmental  changes  of  the  digestive  ability  against  mac- 
roalgae. 


also  been  identified  in  the  digestive  tract  of  the  H.  discus  hannai 
(Sawabe  et  al.  1995)  and  Haliotis  midae  Linnaeus  1758  (Erasmus 
etal.  1997).  The  studies  of  Sawabe  et  al.  (1995)  and  Erasmus  et  al. 
(1997)  showed  that  bacteria  resident  in  the  abalone  digestive  tract 
could  hydrolyze  polysaccharides  from  algae.  Gut  bacteria  may 
contribute  to  the  ability  of  the  host  to  digest  algal  polysaccharides. 
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ABSTR.ACT  The  effect  of  activity,  in  the  form  of  increased  respiratory  energy  expenditure  and  secretion  of  mucus,  on  the  summer 
and  winter  energy  budgets  of  Haliolis  kamlschalkana  was  assessed.  Abalone  exhibited  seasonal  variations  in  field  activity  with  20% 
of  all  individuals  observed  crawling  during  June  to  October,  compared  with  <5%  during  December  to  February.  In  the  laboratory, 
abalone  exhibited  diurnal  as  well  as  seasonal  variation  in  activity.  The  laboratory  activity  budget  showed  that  an  average  abalone 
spends  9.8  h  day"'  quiescent.  12.0  h  day"'  alert,  0.7  h  day  '  feeding,  and  1.5  h  day"'  crawling  during  the  summer,  and  15.8  h  day"' 
quiescent,  5.5  h  day"'  alert,  2.3  h  day"'  feeding,  and  0.4  h  day"'  crawling  during  the  winter.  Videotapes  of  abalone  made  over  24-h 
periods  revealed  that  abalone  usually  crawl  at  a  rate  of  one  shell  length  min"'.  Locomotion  is  not  continuous;  rather,  abalone  stop  and 
then  start  again,  on  average  twice  per  meter.  Components  of  the  energy  budget.  C  =  F  +  U  +  Pg  +  P,  +  R  +  M  were  measured  during 
summer  and  winter  months.  None  of  the  slopes  of  regressions  of  logmcnergy  (J  day"')  on  log,„ma.ss  (g)  was  significantlv  different 
between  summer  and  winter  for  any  of  the  energy  budget  components,  except  those  of  somatic  growth  on  mass.  Summer  v-intercepts 
were  all  significantly  higher  than  winter  y-intercepts,  indicating  that  energy  consumption  and  expenditure  were  higher  during  the 
summer.  Respiratory  energy  expenditure  was  the  largest  component  of  both  summer  and  winter  budgets.  Activity  accounted  for  23% 
of  total  consumed  energy  during  the  summer  and  1 3%  during  the  winter. 

KEY  WORDS:     abalone.  activity,  energy  budget,  Halintis  kamtschalkana,  secretion  of  mucus 


INTRODUCTION 

Increasing  world  demand  for  abalone  has  caused  severe  de- 
clines in  most  populations,  including  those  of  British  Columbia's 
Haliotis  kamtschatkana  (Emmett  and  Jamieson  1988).  Efforts  have 
been  made  to  manage  this  resource,  including  closure  of  the  fish- 
er>'  (1990),  farming,  and  reintroducing  abalone  into  depopulated 
areas.  Studies  have  shown  that  transplanting  H.  kamtschalkana 
from  exposed  habitats  to  more  sheltered  habitats  leads  to  increased 
growth  and  ultimately  greater  population  density  (Breen  1986. 
Emmett  and  Jamieson  1988),  suggesting  that  this  may  be  a  feasible 
strategy  to  enhance  depleted  British  Columbia  stocks.  Successful 
reintroduction  and  stock  enhancement  will  depend  on  identifica- 
tion of  suitable  habitat,  which  will  in  turn  depend  on  complete 
knowledge  of  the  biology  of  the  abalone.  Emmett  and  Jatiiieson 
(1988)  point  out  that  H.  kamtschatkana  do  not  grow  to  tnarketable 
size  in  high  wave-exposure  areas,  but  also  note  that  the  cause  of 
the  decreased  growth  is  not  known.  Suggestions  of  inadequate 
food  supplies  or  high  rates  of  mortality  illustrate  the  need  for  more 
information  about  the  energy  balance  of  H.  kamtschalkana. 

A  poorly  understood  aspect  of  abalone  biology  and.  indeed,  of 
gastropods  in  general,  is  the  energetic  cost  of  activity.  Abalone 
must  crawl  in  order  to  forage,  escape  predators,  find  adequate 
refugia,  and  reproduce.  Several  studies  have  documented  the 
moveinents  of  individual  abalone  and  have  shown  that  abalone 
vary  widely  in  their  motility  (Momma  and  Sato  1969.  Poore  1972. 
Shepherd  1973).  Diumally.  abalone  crawl  mostly  at  night,  and  the 
amount  of  movement  depends  on  size  (Shepherd  1973.  Sloan  and 
Breen  1988).  availability  of  food  or  shelter  (Momma  and  Sato 
1969.  Poore  1972.  Shepherd  1986.  Sloan  and  Breen.  1988).  and 
type  and  degree  of  predation  (Schiel  and  Welden  1987). 

Activity  is  energetically  costly  to  gastropods  because  of  both 


increased  metabolic  rate  and  secretion  of  mucus.  Many  studies 
have  shown  a  rise  of  oxygen  consumption  (Vo^)  during  activity  in 
gastropods  (Newell  and  Roy  1973.  Calow  1974.  Fitch  1975.  Crisp 
1979).  Cost  of  transport,  or  the  amount  of  energy  needed  to  trans- 
port a  unit  mass  over  a  unit  distance,  has  also  been  measured 
(Denny  1980.  Houlihan  and  Innes  1982,  Innes  and  Houlihan  1985, 
Donovan  and  Carefoot  1997).  Calow  (1974)  estimated  that  20%  of 
"'routine  metabolism"  of  the  pulmonale  snail  Planorbis  contortus 
was  devoted  to  activity.  Likewise,  several  authors  have  pointed  out 
the  importance  of  mucus  as  a  contribution  to  molluscan  energy 
expenditure  (Paine  1971.  Calow  1974.  Horn  1986.  Davies  et  al. 
1990),  and  Denny  (1980)  attributes  the  relatively  high  energetic 
cost  of  gastropod  crawling  to  production  of  mucus.  Calow  ( 1974) 
estimated  production  of  mucus  as  13-32%  of  absorbed  energy  in 
P.  contortus.  and  Carefoot  ( 1967)  estimated  that  mucus  accounted 
for  15%  of  the  energy  budget  of  the  opisthobranch  Archidoris 
pseudoargiis. 

Metabolic  rates  of  marine  organisms  depend  on  a  myriad  of 
internal  and  environmental  factors  that  interact  in  different  ways  at 
different  titnes  of  the  year  (Newell  1973).  Seasonal  temperature 
differences  affect  both  oxygen  consuinption  (see  Bayne  and  New- 
ell 1983,  Carefoot  1987)  and  activity  (Newell  1969,  Poore  1972, 
Newell  and  K0foed  1977).  Newell  and  Pye  (1971)  showed  inter- 
action between  activity  level  and  temperature  in  Littorina  lillorea 
in  that  the  active  rate  of  respiration  was  more  temperature  depen- 
dent than  the  standard  rate,  suggesting  that  activity  would  have  a 
different  effect  on  a  gastropod  energy  budget  at  different  times  of 
the  year.  Indeed.  Widdows  and  Bayne  (1971)  found  that  both 
filtration  rate  and  oxygen  consumption  in  the  mussel  Mytilus  edu- 
tis  were  affected  by  acclimation  to  high  and  low  temperatures, 
which  in  turn,  changed  the  animal's  energy  allocations.  Evidence 
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for  effects  of  temperature  on  secretion  of  mucus  is  more  scarce,  but 
Kideys  and  Hartnoll  (1991)  found  that  secretion  of  mucus  in  the 
whelk  Buccimim  imdatmn  decreased  at  low  temperatures.  Changes 
in  secretion  of  mucus  at  different  temperatures  and  during  different 
seasons  would  cause  further  changes  in  the  effect  of  activity  on  an 
energy  budget. 

From  observations  of  abalone.  it  is  evident  that  activity  and 
locomotion  play  important  roles  in  their  daily  lives,  yet  there  has 
been  no  study  on  the  effects  of  activity  on  respiratory  energy  loss, 
secretion  of  mucus,  and  energy  balance  of  abalone.  and  these  are 
the  bases  of  this  study.  We  determined  time-energy  budgets  for  H. 
kamtschatkana  for  both  summer  and  winter  in  order  to  assess  the 
effect  of  activity  on  them. 

MATERIALS  AND  METHODS 

Energy  budgets  were  calculated  for  H.  kamtschatkana  by  mea- 
suring all  components  of  the  energy  budget  C  =  F-i-U-i-Pg-i-Pr 
+  R  +  M.  The  components  not  directly  affected  by  activity,  con- 
sumption (C).  production  of  feces  (F),  nitrogen  excretion  (U). 
somatic  growth  (P„).  and  reproductive  growth  (P,l  were  measured 
once  during  summer  (June  to  August  19951  and  once  during  winter 
(November  1995  to  January  1996).  e.xcept  for  P^.  which  was  mea- 
sured monthly  (March  1995  to  July  1996).  and  P,.  which  was 
measured  once  at  the  end  of  the  experiment  (August  1996).  The 
two  components  directly  affected  by  activity,  respiration  (R)  and 
secretion  of  mucus  (M).  were  estimated  by  developing  summer 
(June  1995)  and  winter  (December  1995)  time  budgets  and  then 
integrating  amounts  of  time  spent  in  each  activity  state  with  energy 
equivalents  for  each  state. 


Collection  of  Animals 

Abalone  were  collected  in  Barkley  Sound  near  the  Bamfield 
Marine  Station.  Bamfield,  British  Columbia,  and  transported  to  the 
Shannon  Point  Marine  Center.  Anacortes.  WA.  They  were  held  in 
a  large  tank  with  a  constant  supply  of  fresh  seawater  and  fed  ad 
Uhitwn  on  Nereocystis  liielkeana.  a  preferred  kelp  food  (Paul  et  al. 
1977). 

Time  Budgets 

Activity  states  of  H.  kamtscliatkaiia  were  monitored  in  both 
laboratory  and  field,  and  time  budgets  were  determined  from  the 
amount  of  tiine  spent  in  each  different  activity  state.  In  total,  five 
states  that  appeared  important  to  the  energetics  of  H.  kamtschat- 
kana were  identified:  (1)  quiescent  (shell  held  tightly  to  the  sub- 
stratum, cephalic  and  mantle  tentacles  retracted).  (2)  alert  (shell 
raised  off  the  substratum,  tentacles  extended).  (3)  active  (back  and 
forth  movements  in  a  small  area  without  moving  any  appreciable 
distance).  (4)  crawling  (moving  an  appreciable  distance  in  one 
direction),  and  (5)  feeding.  In  addition  to  laboratory  and  field 
observations,  videotapes  were  made  of  crawling  abalone. 

Laboratory 

Abalone  were  placed  in  a  large  open-air  tank  exposed  to  natural 
light  and  with  a  constant  supply  of  fresh  seawater.  They  were 
observed  hourly,  and  the  number  of  abalone  in  each  of  four  states 
(quiescent,  alert,  crawling,  and  feeding)  was  recorded.  This  ex- 
periment was  conducted  in  summer  (June  1994;  n  =  105)  and 
winter  (January  1996;  n  =  70).  Daily  activity  budgets  were  cal- 
culated from  these  summer  and  winter  data. 


Field 

Activity  states  (quiescent,  alert,  and  crawling)  of  field  abalone 
were  recorded  during  daytime  SCUBA  dives  in  Barkley  Sound, 
near  the  Bamfield  Marine  Station.  Dives  were  made  between  9  am 
and  12  pm.  in  alternate  months  from  April  1994  to  April  1995. 
Divers  followed  100-m  transects  and  recorded  the  activity  state  of 
all  abalone  seen  (n  =  52-203  for  each  outing).  These  data  were 
used  to  compare  the  amount  of  activity  in  the  laboratory  and  the 
field. 

Videotaped  Crawling  Activity 

Abalone  (n  =  15;  70-120  g  live  mass)  were  placed  three  at  a 
time  in  a  glass  aquarium  (30  x  50  x  15  cm)  with  an  adequate  flow 
of  fresh  seawater  (2  L  min'')  and  were  videotaped  over  a  24-h 
period.  Videotapes  were  analyzed  for  ( 1 )  rate  of  crawling.  (2)  total 
distance  moved  during  crawling,  and  (3)  number  of  crawling 
bouts. 

Energy  Budgets 

Because  we  were  initially  interested  in  potential  gender  differ- 
ences in  energy  budget  parameters.  10  females  and  10  males  were 
used  for  each  component  of  the  energy  budget  (unless  otherwise 
stated).  The  animals  ranged  in  live  mass  from  13  to  175  g  so  the 
effect  of  mass  on  energy  budget  parameters  could  also  be  inves- 
tigated. 

Consumption  (C) 

Abalone  were  kept  in  plastic  mesh  cages  and  fed  pieces  of  kelp 
of  known  mass  each  day  at  3  pm  over  a  4-day  period.  Uneaten  kelp 
was  removed  each  following  day  at  3  pm  and  weighed.  Each  day. 
three  pieces  of  kelp  were  placed  in  empty  cages  as  controls  and 
change  of  mass  was  recorded.  The  mass  of  the  uneaten  kelp  from 
each  abalone's  cage  was  subtracted  from  the  initial  mass  of  the 
piece,  and  the  result  was  corrected  for  any  difference  in  mass 
exhibited  by  the  mean  of  the  controls  to  detemiine  the  wet  mass  of 
kelp  consumed. 

To  determine  the  energy  content  of  food  eaten,  samples  of  kelp 
were  weighed  fresh  and  then  dried  at  60°C  to  constant  mass. 
Samples  of  dried  kelp  were  combusted  in  a  Phillipson  microbomb 
calorimeter  to  determine  their  energy  content.  Average  daily  en- 
ergy consumption  (J  day"')  for  each  abalone  was  calculated  by 
multiplying  the  daily  wet  mass  of  consumed  kelp  by  the  energy 
content  per  gram  wet  mass  of  the  kelp. 

Feces  Production  (F) 

Abalone  (n  =  5;  20-128  g  live  mass)  were  held  individually  in 
1-L  aerated  plastic  containers  filled  with  filtered  (5  |j.m  pore  size) 
seawater  at  ambient  temperature  over  a  4-day  period.  Kelp  of 
known  mass  was  fed  to  each  animal  on  the  First  day.  and  uneaten 
remnants  were  removed  and  weighed  on  the  following  day.  The 
abalone  were  held  in  the  containers  for  three  more  days,  during 
which  feces  were  collected  daily.  The  feces  were  dried  at  90'  C  to 
constant  mass  and  then  combusted  in  a  microbomb  calorimeter. 
The  mean  energy  \alue  for  the  feces  was  used  to  calculate  F  in  the 
energy  budget. 

Nitrogen  Excretion  (U) 

Iiidnidual  abalone  were  placed  in  sealed  containers  and  main- 
tained al  amhienl  icmperalure.   Duplicate    i-niL  aliquols  of  Ihe 
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uatcr  ill  llic  coiiUiiiicis  wcic  collected  aller  I  li  and  aiialy/.ed  tor 
(Solorzano  1969).  Because  nitrogen  excretion  by  H.  kamtschal- 
kima  does  not  tluctuale  daily  (Taylor  and  Caret'oot  unpuhl.).  ni- 
trogen excretion  was  measured  at  9  am  and  the  values  were  ex- 
trapolated to  a  24-li  period.  Energy  costs  (J  day  ')  were  calculated 
from  micrograms  of  ammonia  excretion  by  multiplying  by  24.<S3  J 
mg  of  NH,"'  (Elliot  and  Davison  1975). 

Somatic  Growth  {P^)  and  Reproductive  Growth  (P,) 

Mass  and  length  of  each  abalone  were  recorded  monthly  for  the 
duration  of  the  experiment  (16  mo).  At  the  end  of  the  experiment, 
when  the  animals  were  ready  to  spawn  (August  1996).  they  were 
weighed  a  final  time  and  remoxed  from  their  shells.  Each  abalone 
was  separated  into  five  components:  (I)  shell.  (2)  pedal  and  ad- 
ductor muscles  with  head  and  tentacles.  (3)  visceral  mass  including 
stomach,  digestive  gland,  and  gills.  (4)  gonad,  and  (5)  hemolymph, 
mucus,  and  mantle  water  that  drained  off  of  the  abalone  during 
dissection.  During  dissection,  the  visceral  mass  was  separated 
from  the  large  pedal  muscle  and  the  gonad  was  removed  from 
around  the  digestive  gland  by  aspirating  it  into  a  clean  glass  vial. 
Wet  mass  of  shell,  muscle,  viscera,  and  gonad  was  recorded  for 
each  animal.  The  soft  tissues  from  each  animal  were  homogenized 
indi\idually  and  dried,  and  energy  content  was  determined  by 
combustion  in  a  microbomb  calorimeter.  Shell  caloric  content  was 
estimated  from  Paine  (1971).  assuming  that  abalone  shell  was 
1.1%  protein  and  protein  has  an  energy  value  of  23.83  J  ing~'. 
Because  it  proved  impossible  to  collect  enough  mucus  and 
hemolymph  from  each  animal  for  analysis,  and  lacking  an  estimate 
for  the  energy  value  of  hemolymph.  this  mucus  and  hemolymph 
portion  was  assumed  to  be  similar  in  energy  value  to  pedal  mucus 
(23.97  J  mg-':  Calow  1974). 

Somatic  growth  was  determined  by  regressing  monthly  mass  of 
each  abalone  on  time,  with  the  slope  of  the  regression  being  then 
a  measure  of  growth  (g  mo"').  This  method  was  used,  as  opposed 
to  subtracting  final  mass  from  initial  mass  and  dividing  by  time, 
because  there  was  considerable  monthly  fluctuation  in  wet  mass. 
Mass  change  during  winter  (November  to  March)  was  compared 
with  mass  change  during  summer  (April  to  October).  Daily  gain  in 
live  mass  was  converted  to  energy  gain  (J  day"')  by  partitioning 
total  gain  in  live  mass  into  gain  in  mass  of  individual  body  parts 
(shell,  muscle,  and  viscera)  estimated  from  the  proportion  of  whole 
mass  that  each  of  these  tissues  constituted.  Each  component  was 
then  multiplied  by  the  energy  content  of  the  respective  tissue. 

An  attempt  was  made  to  spawn  the  animals  during  suinmer 
(August  1995)  with  hydrogen  peroxide  (Morse  et  al.  1977).  How- 
ever, because  only  one  animal  spawned,  energy  devoted  to  repro- 
duction (P^)  was  estimated  from  gonad  mass  (including  gametes)  at 
the  end  of  the  experiment.  Reproductive  growth  (J  day"')  was 
determined  for  each  abalone  by  multiplying  gonad  mass  by  its 
energy  content. 

Respiration  (R) 

On  the  basis  of  the  time  budget,  four  states  of  activity  were 
identified  as  those  most  often  exhibited  by  H.  kaintschatkana  (qui- 
escent, alert,  feeding,  and  crawling).  Because  we  were  unable  to 
induce  abalone  to  feed  in  the  respirometer,  we  assumed  that  energy 
expended  during  the  feeding  state  was  equivalent  to  that  expended 
during  the  active  state,  which  could  be  measured. 

To  assess  the  extent  of  increase  in  oxygen  consumption  from 
quiescent  to  alert  and  alert  to  active  states,  abalone  (n  =  21; 
13-144  g  live  mass)  were  placed  in  round.  Perspex  respirometrs 


chambers.  Temperature  was  maintained  at  10  "C.  and  oxygen  con- 
sumption was  monitored  continuously  with  a  polarographic  oxy- 
gen electrode  connected  to  a  computerized  data  acquisition  system 
(Datacan;  Sable  Systems.  Inc.).  The  state  of  the  animal  (quiescent, 
alert,  active)  was  recorded  every  2  min  during  the  duration  of  the 
trial.  Often,  each  animal  did  not  exhibit  all  states  during  one  trial, 
so  animals  were  placed  in  the  respirometer  multiple  times  over  a 
period  of  several  days  (separated  by  at  least  48  h).  Thus,  oxygen 
consumption  for  each  state  was  measured  2-^  times,  permitting  an 
average  for  each  state  to  be  calculated.  Energy  costs  (J  h" ' )  were 
calculated  from  oxygen  consumption  (jjlL  of  O^  h"')  by  multiply- 
ing by  an  oxygen  equivalent  (Q,,^)  of  20.88  J  niL  of  O^"'  (Elliot 
and  Davison  1975).  This  represents  a  weighted  value  for  the  ca- 
tabolism  of  carbohydrate,  protein,  and  fat  based  on  the  proportion 
of  each  found  in  N.  luetkeana. 

Summer  and  winter  quiescent  metabolic  rates  of  abalone  (n  = 
20;  13-175  g  live  mass)  were  measured  individually  over  l-h 
periods  in  respirometers  as  described  above.  The  extents  of  in- 
crease in  oxygen  consumption  from  quiescent  to  alert  and  alert  to 
active,  determined  above,  were  then  applied  to  these  summer  and 
winter  quiescent  rates  to  estimate  energy  expenditure  during  dif- 
ferent activity  states  at  different  times  of  the  year.  Energy  expen- 
diture during  crawling  was  determined  from  Donovan  and  Care- 
foot  (1997). 

Production  of  Mucus  (M) 

Secretion  of  mucus  was  measured  for  two  aspects  of  activity; 
adherence  to  the  substratum  and  locomotion.  The  amount  of  mucus 
needed  for  substratum  adherence  during  summer  and  winter  was 
determined  by  allowing  individual  abalone  (n  =  20;  13-175  g  live 
mass)  to  attach  to  a  clean  glass  plate  immersed  in  a  tank  supplied 
with  fresh  seawater.  After  an  abalone  had  been  stationary  for  10 
min  after  adherence,  it  was  removed  quickly  from  the  plate.  A 
10-min  period  was  chosen  because  Davies  (1993)  found  that  sta- 
tionary limpets  stop  producing  mucus  within  10  min  after  attach- 
ment. The  plate  was  then  rinsed  with  distilled  water  to  remove  salt 
residues  and  dried  at  60°C  for  30  min.  The  dried  mucus  was 
carefully  scraped  from  the  plate,  and  its  carbon  content  was  de- 
termined (NA-1500  Eleinental  Analyzer;  Carlo  Erba  Strumentazi- 
one).  Mass  of  carbon  (\i.g)  was  converted  to  dry  mass  of  mucus 
(|j.g)  by  assuming  that  gastropod  pedal  mucus  is  24.5%  carbon 
(Peck  et  al.  1993).  Dry  mass  of  mucus  was  converted  to  energy  (J), 
assuming  a  conversion  of  23.97  kJ  g"'  of  mucus  (Calow  1974). 
Secretion  of  mucus  during  crawling  was  determined  from  Dono- 
van and  Carefoot  (1997). 

RESULTS 
Time  Budgets 
Laboratory  Activity 

During  the  summer,  definite  diurnal  trends  were  seen,  with 
greater  locomotion  during  the  night  (18%)  and  increased  quies- 
cence during  the  day  (only  1-2%  crawling;  Fig.  1.  top).  Peak 
quiescence  occurred  during  daytime,  with  usually  50%  or  more 
abalone  being  in  this  state.  The  abalone  fed  steadily  throughout  the 
day  because  kelp  was  plentiful  in  the  tank. 

During  the  winter,  abalone  were  more  quiescent  and  less  active 
than  in  the  summer,  and  there  was  less  of  a  diunial  trend  (Fig.  1. 
bottom).  Peak  locomotion  was  generally  from  7  pm  to  12  am.  but 
the  percent  crawling  was  no  greater  than  2-6%.  Throughout  the 
day,  60%;  or  more  of  the  abalone  were  quiescent,  with  an  increase 
in  alertness  occurring  during  the  period  from  5  pm  to  1 1  pm.  Time 
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Figure  1.  Seasonal  differences  in  activity  of  H.  kamtschatkana  in  the 
laboratory. 

spent  by  an  average  laboratory-held  abalone  at  each  activity  during 
summer  and  winter  is  shown  in  Table  1. 

Field  Activity 

Abalone  exhibited  more  activity  in  the  warm  summer  months 
(Fig.  2).  For  example,  about  20%  of  all  abalone  were  observed  to 
be  crawling  during  June.  August,  and  October.  Few  animals  were 
crawling  during  the  winter  months;  instead,  they  were  most  often 
quiescent  or  alert.  No  animals  were  observed  feeding. 

Videotaped  Crawling  Activity 

Locomotion  was  not  continuous,  and  the  average  abalone 
stopped  and  started  again  twice  for  every  meter  moved.  Average 
rate  of  crawling  was  I  body  length  min'V 

TABLE  1. 

Average  anwrnnl  of  time  spent  each  day  by  H.  kamtsehatkana  in 
different  activity  states  during  summer  and  winter. 


Time  (h) 

Season 

Quiescent 

Alert 

Feeding 

Crawling 

Totals 

•Summer 
Winter 
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2.3 
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Figure  2.  Field  activity  of  H.  kamtschatkana  during  daytime  in  Bark- 
ley  Sound.  British  Columbia  from  April  1994  to  April  1995. 


Energy  Budgets 

There  were  no  diffeiences  in  values  for  any  of  the  energy 
budget  components  between  male  and  female  abalone  (all  /  <  2.0. 
all  p  >  0.06),  save  for  some  aspects  of  reproduction.  Gonad  energy 
content  was  higher  in  females  than  in  males  (females,  23.4  J  mg  of 
dry  gonad  mass''  ±  0.9  SE;  males,  20.0  ±  0.3;  t  =  3.21,  p  = 
0.01).  However,  there  was  no  gender  difference  in  total  gonad 
mass  (females,  10.3  mg  of  dry  gonad  mass  g  live  abalone  mass'' 
±  1.7  SE;  males,  9.4  ±  1.6;  f  =  0.38,  p  =  0.71)  and  ultimately  no 
difference  in  yearly  reproductive  energy  expenditure  (females,  4.2 
kJ  y-'  ±  0.7  SE;  males,  2.8  ±  0.3;  t  =  1.89,  p  =  0.09).  Thus, 
values  for  both  males  and  females  were  combined  for  the  regies- 
sions  of  energy  budget  components  on  mass. 

Regression  equations  for  the  five  energy  budget  components 
not  directly  affected  by  activity  (C,  F,  U,  Pg,  and  P,)  are  presented 
in  Table  2.  None  of  the  slopes  of  the  summer  regression  equations 
were  significantly  different  from  the  winter  regressions  (all  /  < 
0.66,  all  p  <  0. 10),  except  for  the  slopes  of  somatic  growth  on  mass 
{I  =  2.02,  p  <  0.05).  However,  all  y-intercepts  of  the  summer 
regressions  were  significantly  higher  than  those  of  the  winter  re- 
gressions (all  f  >  3.44,  all  p  <  0.005).  Thus,  except  for  somatic 
growth,  the  .scaled  relationship  between  enei'gy  and  size  remained 
constant  between  summer  and  winter,  but  summer  values  were 
greater  than  winter  values. 

Oxygen  consumption  increased  with  activity  level  over  a  wide 
range  of  abalone  mass  (Fig.  3).  The  slopes  of  the  log|„-log,„ 
transformed  regressions  of  oxygen  consumptions  on  mass  for 
quiescent,  alert,  and  active  abalone  were  not  significantly  differ- 
ent (/•■|,,,,s,o,  ogj  =  0.43,  p  >  0.05;  analysis  of  covariance 
lANCOVAl),  but  the  v-intercepts  were  (FlocLso.a.^fJ  =  -^2.7,  p  < 
0.001 ;  ANCOVA).  For  a  50-g  abalone,  then,  oxygen  consumption 
increased  33%  from  quiescent  to  alert,  and  by  a  further  297f  from 
alert  to  active. 

Regressions  of  log,,,  respiratory  energy  on  log,,,  mass  during 
summer  and  winter  for  quiescent  abalone  are  described  by  the 
equations  l(.g„,R  =  0.34  +  0.74  log,„m  {r  =  Q.ll.  I  =  7.70,  p  < 
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TABLE  2. 

Regression  statistics  for  the  components  of  summer  and  winter 

energj-  budget  lomixments  that  are  not  directl\  affected  h>  activity 

for  the  abalone  H.  kamtsclialkana  (n  =  2()l. 


Knergy  Budget 

Component  1)1 

logo 

h 

r~ 

t 

P* 

Summer 

Consumption  (C) 

2.19 

0.64 

0.59 

5.15 

<0.001 

Feces  (F) 

1.45 

0.64 

0.59 

5.15 

<0.001 

Nitrogen  (U) 

-1.19 

0.61 

(1.21 

2.11 

0.050 

Somatic  growth  (P^,) 

1.08 

0.56 

0.33 

2.72 

0.016 

Reproductive  growth  (P,) 

0.45 

0.79 

0.60 

4.20 

0.001 

Winter 

Consumption  (C) 

2.00 

0.55 

0.46 

3.68 

0.002 

Feces  (F) 

1.11 

0.55 

0.46 

3.68 

0.002 

Nitrogen  (U) 

-2.03 

0.91 

0.27 

2.56 

0.020 

Somatic  growth  (P„i 

-2.39 

1.33 

0.57 

3.99 

0.002 

Regression  statistics  are  for  the  equation  log}'  =  loga  +  h\ogm.  where  Y  is 
an  energy  budget  component  in  J  day^'  and  m  is  mass  in  g. 
*  Values  are  derived  from  student's  r-tests. 

0.001)  and  log,oR  =  0.05  +  0.78  log,„m  {r  =  0.73.  r  =  6.97.  p 
<  0.001 ),  respectively,  where  R  represents  respiratory  energy  (J 
h"  )  and  m  represents  mass  (g).  When  respiratory  energy  expended 
by  a  50-g  abalone.  calculated  from  these  equations,  is  combined 
with  increases  measured  in  respiratory-  energy  for  the  different 
activity  states,  it  can  be  seen  that  during  the  summer,  a  50-g 
abalone  will  expend  40  J  h^'  in  the  quiescent  state.  53  J  h~'  in  the 
alert  state,  and  68  J  h"'  in  the  active  state.  Likewise,  during  the 
winter,  a  50-g  abalone  will  expend  24  J  h^'  in  the  quiescent  state, 
32  J  h"'  in  the  alert  state,  and  41  J  h"'  in  the  active  stale.  Addi- 
tionally, respiratory  energy  expenditure  during  crawling  can  be 
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Figure  3.  Regressions  of  log,,,  energy  expenditure  (Jh"'l  on  log,,,  mass 
for  abalone  in  three  activity  states.  Regression  equations  are:  quiescent 
log|„energy  =  -2.82  +  0.67  log|„mass;  alert  log|„energy  =  -2.76  +  0.70 
log,|,ma.ss:  active  log,„energy  =  -2.53  +  0.63  logmmass.  .All  regressions 
were  significant  (all  (  >  11.26,  all  p  <  0.001). 


estimated  from  the  cost  of  transport  of  H.  kamtschatkana.  The  total 
cost  of  transport  of  a  50-g  H.  kamtschatkana  craw  ling  at  one  shell 
lengthmin"'  (7.1  cm  min"')  is  169  J  kg^'m"'  (calculated  from  the 
multiple  regression  of  log,o  total  cost  of  transport  on  log,o  mass 
and  logio  speed:  Donovan  and  Carefoot  1997).  Thus,  a  50-g  aba- 
lone uses  8  J  m"'  while  crawling. 

Amounts  of  energy  lost  as  secretion  of  mucus  on  adherence  to 
the  substratum  are  described  by  the  regression  equations  log|„M 
=  -0.17  +  0.86  logiom  (r  =  0.46.  t  =  3.67.  p  =  0.002)  and 
log,„M  =  -0.65  -I-  0.85  log,„m  {r  =  0.27.  t  =  2.60.  p  =  0.018), 
for  summer  and  winter  animals,  respectively,  where  M  represents 
energy  from  secretion  of  mucus  (J  adherence^')  and  m  represents 
mass  (g).  Thus,  a  50-g  abalone  will  expend  20  J  of  energy  adhering 
to  the  substratum  in  summer  and  6  J  in  winter.  Abalone  secrete 
0.12  \x.°  of  dry  mucus  cm""  foot  area  for  every  centimeter  they 
crawl  (Donovan  and  Carefoot  1997).  A  50-g  (71-mm)  abalone  has 
a  foot  area  of  18  cm"  (Donovan  and  Carefoot.  1997).  which  yields 
a  secretion  rate  of  mucus  of  2.2  jxg  of  dry  mucus  cm"'  crawled. 
This  converts  to  5  J  m"'  lost  as  mucus  during  crawling,  which  can 
be  added  to  the  respiratory  energy  expenditure  during  crawling  of 
8  J  m"'  noted  above  to  get  an  overall  energy  cost  of  13  J  m"'. 

Values  for  daily  respiratory  energy  expenditure  and  secretion 
of  mucus  for  a  50-g  abalone  during  summer  and  winter  are  pre- 
sented in  Table  3.  These  calculations  combine  the  time  budgets 
from  Table  I  with  the  energetic  costs  of  the  different  activity 
states.  In  turn,  these  respiration  and  secretion  of  mucus  values  are 
presented  with  values  for  the  other  energy  budget  components 
(calculated  from  the  regressions  in  Table  2  for  a  50-g  abalone)  in 
Table  4. 

DISCUSSION 

In  order  to  asses  the  effect  of  activity  on  the  seasonal  energy 
budgets  of//,  kamtschatkana.  daily  respiratory  energy  expenditure 
and  secretion  of  mucus  in  the  absence  of  activity  must  be  esti- 
mated. For  respiratory  energy,  this  can  be  accomplished  by  ex- 
trapolating summer  and  winter  quiescent  energy  equivalents  (40 
and  24  J  h"',  respectively)  over  a  24-h  period.  Thus,  a  50-g  aba- 
lone would  expend  960  J  day"',  during  summer  and  576  J  day"' 
during  winter  if  it  were  completely  quiescent.  Daily  secretion  of 
mucus  in  the  absence  of  activity  can  be  estimated  by  assuming  that 
the  abalone  adheres  to  the  substratum  once  per  day  and  then  re- 
mains still.  In  that  case,  a  50-g  abalone  would  expend  20  J  day"' 
during  summer  and  6  J  day"'  during  winter.  This  estimate  of 
respiratory  energy  expenditure  for  inactive  abalone  would  then 
represent  51%  of  total  daily  energy  consumption  in  summer,  com- 
pared with  59<7f  when  activity  is  accounted  for  (Table  4).  a  dif- 
ference of  S^f .  Likewise,  the  estimate  of  secretion  of  mucus  for  an 
inactive  abalone  in  summer  would  represent  only  \%  of  daily 
consumption,  rather  than  16%,  a  difference  of  15%.  Thus,  activity 
accounts  for  23%  of  summer  energy  consumption.  In  the  same 
manner,  activity  accounts  for  13%  of  winter  energy  consumption. 

In  fact,  because  abalone  crawl  less  in  the  laboratory  than  they 
do  in  the  wild,  we  have  probably  underestimated  the  activity  com- 
ponent of  the  energy  budget  of  field  H.  kamtschatkana.  Abalone 
are  known  to  increase  foraging  activity  when  food  is  scarce  (Poore 
1972.  Shepherd  1973.  Sloan  and  Breen  1988),  which  did  not  occur 
m  the  laboratory.  Likewise,  field  abalone  must  crawl  to  find  refu- 
gia  and  escape  predation.  Shepherd  (1986)  has  shown  that  motility 
of  Haliotis  laevigata  is  related  to  crevice  space,  with  abalone 
increasing  the  amount  they  crawl  until  they  find  a  suitable  crevice. 
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TABLE  3. 
Total  daily  respiratory  and  energy  expenditures  of  mucus  for  a  50-g  abalone. 


Parameter 


Time 
(h) 


Energy 

Equivalents 

(J  h') 


Distance 

Moved 

(m  dav"') 


Cost  of  Total 

Transport        Knergy 
(J  nr')        (J  day-*) 


No.  of 

Adherences 

per  Day 


Energy 

Equivalents 

(J  adherence"' 


Distance 

Moved 

(m  day-' I 


Energy  Total 

Equivalent        Energy 
(J  m-')         (J  day-') 


Respiration  (R) 

Summer 

Quiescent 

9.8 

40 

Alert 

12.0 

53 

Feeding 

0.7 

68 

Crawling 

Winter 

Quiescent 

15.8 

24 

Alert 

5.5 

32 

Feeding 

2.3 

41 

Crawling 


Mucus  (nil 

Summer 

392 

Adherence 

636 

Crawling 

48 

48 

.124 

Winter 

379 

Adherence 

176 

Crawling 

94 

16 

665 

20 


280 

30 

310 


24 
10 
34 


The  daily  time  budget  (Table  1)  was  integrated  with  energetic  costs  of  each  activity.  Summer  and  v\inier  quiescent  respiratory  energy  rates  (J  h"')  were  calculated  from 
regressions  of  respiratory  energy  on  mass  (see  Text  for  regression  equations).  Alert  and  feeding  rates  {the  latter  assumed  to  be  equivalent  to  active  rates}  were  calculated  from 
increases  over  quiescent  rates  determined  by  measuring  oxygen  consumption  during  different  activity  states.  Distance  moved  (m  day"' )  was  estimated  from  average  time  spent 
crawling  (1.5  h  in  summer,  0.4  h  in  winter;  Table  1)  and  average  crawling  rate  (7.1  cm  min"';  videotape  data).  Energetic  cost  of  this  movement  (cost  of  transport)  was  estimated 
from  Donovan  and  Carefoot  (1997).  Number  of  adherences  per  day  was  estimated  from  number  of  crawling  bouts  per  meter  over  total  distance  (videotape  data),  and  energy 
equivalent  of  mucus  was  estimated  from  Donovan  and  Carefoot  ( 1997). 


Predators  of  H.  kamlschatkana  inclinle  octopus,  crabs,  fish,  and 
seastars  (Sloan  and  Breen  1988),  and  //.  kamlschatkana  exhibits  a 
dramatic  crawling  escape  response  in  the  presence  of  the  seastar 
Pycnopodia  lielia)\tlii>ides.  Our  comparison  of  activity  levels  in 
laboratory  and  field  also  supports  the  idea  that  field  abalone  are 
more  active  than  laboratory-held  abalone.  During  observations  of 
field  abalone  by  SCUBA  divers  in  June,  \9'7c  of  all  abalone  ob- 
served were  crawling  during  daytime.  This  was  not  the  case  during 
the  daytime  summer  observations  in  the  laboratory,  where  only 
2-5%  of  abalone  were  crawling.  Winter  daytime  values  were 
closer  to  each  other,  with  5%  of  abalone  crawling  in  the  field  in 
both  December  and  February  and  0-2%  crawling  in  the  laboratory. 
As  expected,  values  of  summer  and  winter  energy  budget  com- 
ponents differed  for  H.  kniiiischalkana.  much  of  it  due  to  differ- 
ences in  activity  level.  For  a  representative  50-g  abalone,  winter 
consumption  was  only  45%  of  summer  consumption,  with  nearly 
all  consumed  energy  going  toward  maintenance  (R,  M,  and  U; 
Table  4).  The  largest  component  of  the  winter  energy  budget  was 
respiration,  accounting  for  77%  of  all  consumed  energy.  Respira- 

TABLE  4. 

Value.s  for  each  component  of  summer  and  winter  energy  budgets 
for  a  represcntati>e  5(t-g  H.  kamlschatkana. 

Energy  (J  day-1) 


Season 


M      Total 


% 
Total 
of  C 


Summer 

l.S'W 

345 

<l 

ins 

62 

1,124 

310 

%ofC 

18 

<l 

6 

3 

59 

16 

Winter 

860 

111 

<l 

1 

n 

665 

34 

%  of  C 

13 

<l 

<l 

0 

77 

4 

1  ,^)49 


811 


103 


94 


Values  for  components  not  directly  affected  by  activity  (C,  F,  U,  P^.  and  P,) 
were  calculated  from  regressions  from  Table  2.  Valties  for  respiration  (R) 
and  mucus  (M)  are  from  Table  3. 


tion  was  also  the  largest  component  of  the  summer  budget,  but  the 
proportion  of  consumed  energy  going  toward  this  component  was 
only  59%.  owing  to  increases  in  somatic  and  reproductive  growth. 
Costs  of  mucus  were  nine  times  greater  in  summer  than  winter,  and 
mucus  accounted  for  16%  of  consumed  energy  during  summer. 
The  proportions  of  energy  lost  as  feces  and  nitrogenous  waste 
remained  relatively  constant  between  summer  and  winter.  For  the 
summer  budget,  all  energy  consumed  was  accounted  for  (actually, 
overestimated  by  3%),  and  for  the  winter  budget.  94%  was  ac- 
counted for. 

Two  other  energy  budgets  for  abalone.  one  by  Peck  et  al. 
( 1 987 )  for  the  European  abalone  Haliotis  luberculata  and  one  by 
Barkai  and  Griffiths  (1988)  for  the  South  African  abalone  Haliotis 
undue,  are  shown  in  Table  5.  Our  summer  energy  budget  (Table  4) 
can  be  compared  with  that  of  Peck  et  al,  (1987),  who  appear  to 
have  determined  a  summer  energy  budget  for  their  species  on  the 

TABLE  5. 

Energy  budgets  for  three  species  of  abalone  expressed  as 
percentages  of  C. 


Species 


Total 
M        %  of  C 


H.  kamtschalkana* 

(summer) 
H.  mhcniilatcif 
H.  midact 


18 
63 


<1 


<1 


6           3 

59 

16 

103 

3          4 

27 

26 

S9 

5 

8 

76 

Percentages  of  respiration  and  mucus  from  this  study  were  calculated  from 
the  summer  activity  budget  and  sutnmer  energy  budget.  The  percentages 
for  H.  Iiiherciilata  were  calculated  from  regression  equations  in  Peck  et  al. 
( 1987)  for  animals  of  a  size  similar  to  the  representative  50-g  abalone  used 
for  this  study.  The  proportions  for  H.  niidue  have  no  eiitr\  of  mucus  and  P^, 
and  P,  were  estimated  as  a  single  value. 
*  This  study. 
tPecket  al.  (1987). 
t  Baikal  and  Griffiths  (1988). 
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basis  of  their  data  tor  reproduction.  H.  kmnlschatkaiui  has  a  much 
higher  respiration  component  than  does  H.  tubercidata  (59%  of 
consumed  energy  compared  with  IT^'c.  respectively),  whereas  H. 
uibenulaui  diverts  more  energy  to  growth  and  production  of  mu- 
cus. Interestingly,  mucus  was  as  large  a  component  for  H.  titber- 
culata  as  was  respiration,  accounting  for  26%  of  consumed  energy. 
whereas  it  was  less  for  H.  kainischatkana  (16%).  Barkai  and  Grif- 
fiths ( 19SS)  found  that  H.  midac  loses  63%  of  consumed  energy  to 
feces,  a  much  larger  proportion  than  measured  for  either  H.  ka- 
mtschatkana  or  H.  tuberculata  (both  18%).  This  is  most  likely 
because  of  the  different  kelp  species  used  as  food  in  the  different 
studies.  Kelp  vary  widely  in  morphological  and  physiological  de- 
fenses to  herhixory  (Ha\  and  Steinberg  1992.  Lobban  and  Harrison 
1997),  resulting  in  digestibilitv  differences  for  the  herbivores.  The 
respiration  component  for  H.  midae  was  only  8%  of  consumed 
energy,  but  the  authors  note  that  it  would  be  higher  if  they  had 
incorporated  activity  into  their  measurements.  All  three  energy 
budgets  indicate  little  energy  lost  to  nitrogen  excretion. 

This  study  has  shown  that  activity  has  potentially  large  effects 
on  both  summer  and  winter  energy  budgets  of  the  abalone  H. 
kamtschatkana.  In  the  field,  it  is  likely  that  more  energy  would  be 


expended  on  activity,  especially  in  areas  where  food  is  scarce  or 
predation  intense,  and  this  has  potential  ramifications  to  the  dy- 
namics of  abalone  populations.  In  the  case  of  predators,  such  as 
seastars.  eliciting  a  crawling  escape  response,  intense  predation 
would  not  only  affect  population  dynamics  by  increasing  mortal- 
ity, but  could  also  cause  decreased  somatic  growth  and  reproduc- 
tive effort  as  energy  is  diverted  from  these  energy  budget  param- 
eters to  respiratory  and  mucous  components. 
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ABSTRACT  The  gross  anatomical  study  of  the  nervous  system  of  Halioris  asiniiia  reveals  that  it  comprises  a  pair  of  cerebral  ganglia, 
a  buccal  ganglion,  a  pleuropedal  ganglion  mass,  and  a  visceral  ganglion,  connected  together  by  nerve  commissures  and  connectives. 
There  are  eight  types  of  nerve  cells  in  the  cerebral  ganglia  on  the  basis  of  their  histological  characteristics  and  stain  affinity:  two  types 
of  neurosecretory  cells,  three  types  of  neurons,  and  three  types  of  neuroglia.  The  neurosecretory  cells  are  large  and  occur  along  the 
periphery  of  the  gangha.  They  contain  neurosecretory  granules  in  the  cytoplasm  that  stained  deep  violet  with  paraldehyde-fuchsin.  The 
neurons  are  the  most  numerous  cell  type  and  occur  in  various  parts  of  the  cortex.  The  neuroglia  are  small  cells  and  contain 
spindle-shaped  nuclei. 

KEY  WORDS:     abalone.  cerebral  ganglia.  Haliotis  asiniiia,  histological  study 


INTRODUCTION 

The  abalone  is  one  of  the  most  primitive  gastropods  in  fortn 
and  structure.  The  central  nervous  system  of  abalone  is  of  the 
streptoneurous  type,  with  no  concentration  of  neuronal  mass,  and 
it  consists  of  several  ganglia  connected  by  connectives  and  com- 
missures (Bullock  1965.  Joosse  1979).  Most  ganglia  are  elongated 
and  flattened,  and  sheaths  of  ganglion  cells  usually  extend  to  form 
flat  commissures  and  connectives  linking  ganglia  together  (Crofts 
1929). 

The  cerebral  ganglia  are  the  most  anterior  ganglia  in  the  head. 
They  are  paired,  lie  above  the  esophagus  or  buccal  mass,  and  are 
connected  by  a  long  commissure  (Dorsett  1986).  The  cerebral 
ganglia  have  connectives  to  the  buccal,  pleural,  and  pedal  ganglia, 
and  they  send  nerves  to  innervate  the  eyes,  statocysts,  and  head 
tentacles  (Crofts  1929.  Bullock  1965),  thus  playing  an  important 
role  in  guiding  the  animals  around  their  habitat. 

The  cerebral  ganglia  of  several  temperate  abalone  species  have 
been  extensively  studied.,  e.g.,  Haliotis  tubercidata  Linnaeus, 
Haliotis  lamellosa  Lamarck,  Haliotis  cracherodii  Leach,  Haliotis 
nifescens  Swainson.  Haliotis  discus  hannai  Ino,  and  Nordotis  dis- 
cus Reeve  (Crofts  1929.  Miller  et  al.  1973.  Hahn  1994a.  Yahata 
1971 ).  Several  types  of  neurons  and  neurosecretory  cells  have  been 
described  in  the  ganglia  (Miller  et  al.  1973,  Yahata  1971.  Hahn 
1994a).  Yahata  (1971)  and  Hahn  (1994a)  reported  that  there  were 
four  types  of  neurons  in  the  cerebral  ganglia  of  N.  discus  and  H. 
discus  hannai.  which  were  designated  as  types  A,  B,  C,  and  D. 
Type  A  and  Type  B  cells  were  believed  to  be  neurosecretory  cells. 
This  article  reports  on  the  gross  anatomy  of  the  nervous  system 
and  the  classification,  based  on  the  histological  characteristics  of 
neurons  and  other  cell  types  in  the  cerebral  ganglia  of  Haliotis 


asinina  Linnaeus,  which  is  a  tropical  abalone  species  native  to 
Thailand. 

MATERIALS  AND  METHODS 


Anatomical  Study 

Mature  abalone.  H.  asinina.  with  a  shell  length  of  4-5  cm  were 
obtained  from  the  Coastal  Aquaculture  Development  Center, 
Klong  Wan,  Prachuap  Khiri  Khan  Province,  Thailand.  These  ani- 
mals were  reared  in  a  land-based  aquaculture  system  in  well- 
circulated  and  aerated  seawater.  They  were  given  appropriate  algal 
food  ad  libitum  and  kept  under  normal  daylight.  Abalone  were 
anesthesized  with  5%  MgCl,  after  which  their  shells  were  re- 
moved. They  were  then  placed  on  a  layer  of  paraffin  wax  poured 
on  an  enamel  pan  and  immersed  in  70%  alcohol.  The  dissections 
were  made  under  a  stereomicroscope,  which  was  also  used  to  make 
drawings  with  the  aid  of  a  camera  lucida. 

Histological  Study 

The  cerebral  ganglia  were  dissected  out  and  fixed  in  Bouin's 
fluid  in  0.14  NaCl  for  12  h.  Tissues  wei-e  dehydrated  through  a 
graded  series  of  ethanol,  infiltrated  with  dioxane,  and  embedded  in 
paraffin.  Sections  were  cut  at  5-6  (im  thickness  and  stained  with 
hematoxylin-eosin  (H&E),  chrome-hematoxylin-phloxine  (CH-P) 
(Gomori  1941),  and  paraldehyde-fuchsin  (PF)  (Gomori  1950). 
Neurons  and  cells  in  the  cerebral  ganglia  were  observed  and  evalu- 
ated for  their  cell  size  and  shape,  nuclear  size  and  shape,  and 
staining  affinity  under  an  Olympus  Vanox  light  microscope. 
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RESULTS 


Anatomical  Study 


The  nervous  system  of  H.  asinina  consists  of  a  pair  of  cerebral 
ganglia,  a  buccal  ganglion,  a  pleuropedal  ganglion  mass,  and  a 
visceral  or  abdominal  ganglion.  These  ganglia  are  connected  by 
nerve  commissures  and  connectives  (Fig.  1 ).  The  cerebral  ganglia 
are  connected  by  dorsal  and  ventral  cerebral  commissures.  Thus, 
the  ganglia  and  commissures  surround  the  anterior  esophagus.  The 
middle  part  of  the  ventral  cerebral  commissure  swells  into  a  small 
buccal  ganglion.  Two  major  nerves,  i.e.,  the  optic  and  tentacle 
nerves,  join  the  cerebral  ganglia  separately  (Fig.  I).  Optic  nerves 
innervate  the  eyes,  whereas  tentacle  nerves  innervate  the  tentacles. 
The  cerebropleural  and  cerebropedal  connectives  leave  the  ventro- 
posterior  part  of  the  cerebral  ganglia  and  merge  into  a  pleuropedal 
ganglion  mass.  Arising  from  this  mass  are  two  loops  of  nerve 
cords:  the  visceral  cord  and  the  paired  pedal  nerve  cords.  The 
visceral  cord  twists  into  a  figure  8  around  the  visceral  mass.  At  its 
posterior  end  is  a  single  visceral  ganglion  thai  gives  off  many 
nerves  going  to  digestive  and  reproductive  organs.  The  paired 
pedal  nerve  cords  rim  parallel  along  the  midline  of  the  foot  muscle 
(Fig.  1).  The  two  pedal  cords  are  connected  at  several  intervals  by 
pedal  cord  commissures.  From  each  pedal  cord,  many  nerves  arise 
to  innervate  the  foot  muscles  (Fig.  1 ). 

Histological  Study 

The  paired  cerebral  ganglia  are  elongated  and  flattened  (Fig. 
2A).  The  ganglia  are  composed  of  two  pails:  the  outer  cortex  and 
the  inner  medulla  (Fig.  3A).  Each  ganglion  is  surrounded  by  a 
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Figure  1.  A  diagram  of  the  iutvous  system  of  H.  asinina.  sliowing 
various  nerve  ganglia  linlted  togetlier  by  nerve  cords  and  connectives. 


Figure  2.  (A)  Photomicrograph  of  longitudinal  section  showing  loca- 
tion of  cerebral  ganglia  (Cg)  lying  on  both  sides  of  jaw  (Ja)  and  jaw 
muscle  (Mu),  Ep.  epidermis:  Te,  tentacle.  (B)  \  high  magniUcation  of 
longitudinal  section  of  cerebral  ganglion  (CGI.  Ca,  capillary, 

loose  connective  tissue  rich  in  collagen-like  fibers  and  capillaries 
(Fig.  2B).  In  the  cortex,  there  are  numerous  neurons,  neurosecre- 
tory cells,  and  neuroglia.  The  outermost  cell  layer  of  the  corte.x  is 
in  close  contact  with  the  basement  membrane  of  the  ganglion 
capsule.  Most  of  the  medial  part  of  the  cortex  is  relatively  thin  and 
contains  only  two  to  three  layers  of  cells,  with  only  a  few  neuro- 
secretory cells.  In  contrast,  the  dorsal,  ventral,  and  lateral  parts  of 
the  cortex  of  each  ganglion  are  thick  and  contain  four  to  five  cell 
layers  (Fig.  3A,  see  Fig.  5A).  Although  more  neurosecretory  cells 
are  dispersed  throughout  these  regions,  there  are  especially  high 
concentrations  of  these  cells  in  the  dorsal  and  ventral  parts,  or 
"horns"  of  the  ganglion  (Fig.  3A). 

The  cells  in  the  cerebral  ganglia  can  be  classified  into  eight 
types  on  the  basis  of  their  histological  characteristics  and  slain 
affinity  to  dyes  (H&E,  CH-P,  and  PF).  There  are  two  types  of 
neurosecretory  cells  (NS,  and  NS,).  three  types  of  neurons  (NR,, 
NR,,  and  NRj),  and  three  types  of  neuroglia  (NG,,  NG,,  and 

ng",). 

Type  1  Neuro.secretory  CelltNS,) 

These  cells  are  very  large  in  size  (10  x  20  p-iii),  with  an  oval 
shape.  Most  cells  occur  along  the  periphery  of  the  cortex,  resting 
on  the  basement  membrane  (Fig.  3D,  see  Fig.  6).  The  nucleus  is 
round  (S  \xm  in  diameter)  and  is  located  toward  one  side  of  the  cell. 
It  contains  nmstly  pale-stained  euchromatin  v\ith  only  a  thin  rim  of 
heterochromatin  binding  to  the  internal  surface  of  the  nuclear  en- 
velope (Figs.  3C  and  D  and  4B).  The  nucleolus,  which  is  round  in 
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shape,  is  very  distinct  (Fig.  4B  and  C).  Tlie  cytoplasm  is  well 
preserved  and  shows  a  clear  boundary.  It  stained  reddish  pink  with 
H&E  and  pinkish  purple  with  CH-P.  There  are  numerous  neuro- 
secretory granules,  which  stained  deep  violet  with  PF  and  filled  the 
entire  cytoplasm. 

Type  2  Neurosecretory  Cell  (NSj) 

These  cells  are  smaller  than  NS,  and  occur  in  the  same  layer  as 
NS,  and  also  in  the  inner  cell  layer  (Fig.  3D  and  4A.  see  Fig.  6). 
The  cell  body  is  round  or  oval  and  of  medium  size  ( 10  x  12  |xm|. 
The  nucleus  is  round  (10  p.m  in  diameter),  with  most  blocks  of 
heterochromatin  attached  to  its  periphery  with  some  in  the  center. 
Together,  they  resemble  a  clock-face  pattern  (Figs.  3C  and  D  and 
4C).  The  nucleolus  is  not  as  prominent  as  in  NS,.  The  cytoplasm 
contains  fewer  neurosecretory  granules  than  those  of  NS,,  and  they 
stained  deep  violet  with  PF. 


Type  1  Neuron  (NR,) 

These  cells  are  the  largest  neurons  and  have  a  pyramidal  shape 
(15  X  30  (j.m)  (Figs.  3D.  4D.  and  ."iC).  The  nucleus  is  round  (10  (xm 
in  diameter)  and  contains  almost  entirely  euchromatin  with  eccen- 
trically located  nucleolus  (Fig.  3D).  The  basal  portion  of  the  cell  is 
flattened  and  lies  on  the  basement  membrane.  Their  slimmer  cy- 
toplasmic processes  extend  inward  to  the  medulla  of  the  ganglion 
(Figs.  3D.  4D.  and  6).  The  cytoplasm  stained  homogeneously  pink 
with  H&E  and  CH-P.  There  are  no  neurosecretory  granules  in  the 
cytoplasm. 

Type  2  Neuron  (NR,) 

These  cells  are  the  most  numerous  among  neuronal  cells.  They 
are  concentrated  mostly  in  the  middle  cell  layer  of  the  cortex  (Figs. 
3D  and  6).  They  have  a  round  to  oval  shape  (4—6  p,m  in  diameter) 
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Figure  3.  (A)  A  low-power  micrograph  showing  longitudinal  section  of  the  upper  half  of  a  cerebral  ganglion  stained  with  H&E.  Co,  cortex;  Ca, 
capillary;  Do,  dorsal:  Me,  median:  La,  lateral.  (B)  A  medium-power  micrograph  showing  longitudinal  section  of  the  cerebral  ganglion  stained 
with  H&E.  Notice  thicker  cell  layers  on  the  lateral  (La)  than  medial  (Me)  sides.  NG„  Type  3  neuroglia.  (C)  A  high-power  magnification  showing 
various  types  of  nerve  cells  in  the  cortex  stained  with  H&E.  NS,,  Type  1  neurosecretory  cell;  NS,,  Type  2  neurosecretory  cell;  NG^,  Type  2 
neuroglia.  (D)  A  high-power  magnincation  showing  various  types  of  nerve  cells  in  the  cortex  stained  with  H&E.  NR,,  Type  1  neuron;  NR2,  Type 
2  neuron;  NR„  Type  3  neuron;  Nt,  nerve  tract. 
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Figure  4.  Medium-power  (A)  and  high-power  (B-D)  micrographs  showing  various  types  of  nerve  cells  in  the  cortex  stained  with  H&E.  NS,,  Type 
1  neurosecretory  cell;  NS,,  Type  2  neurosecretory  cell:  NR,,  Type  1  neuron;  NR,,  Type  2  neuron:  NG,.  Type  1  neuroglia:  NG,,  Type  2  neuroglia; 
NGj,  Type  3  neuroglia;  Nt.  nerve  tract. 


and  contain  round  nuclei  (4-6  jxm  in  diameter)  with  patchy  het- 
erochromatin.  The  cytoplasm  is  extremely  thin  and  does  not  con- 
tain neurosecretory  granules  (Figs.  3D  and  4B  and  C). 

Type  3  Neuron  (NR,) 

These  cells  are  a  little  smaller  than  NR,,  about  4  (j.ni  in  diam- 
eter. They  occur  in  the  innermost  cell  layer  of  the  cortex  (Figs.  3D 
and  6).  The  nucleus  is  elliptical  (3  |j.m  in  diameter)  and  contains 
completely  dense  heterochromatin  (Fig.  3D).  There  are  no  neuro- 
secretory granules  in  the  cytoplasm. 

Type  1  Neuroglia  (NG,) 

The.se  cells  are  scattered  throughout  the  cortical  region  ol'  ihe 
ganglion  (Figs.  4B  and  6).  They  are  small  (3-6  (xm  in  diameter) 
and  contain  a  spindle-shaped  nucleus  (Fig.  4B).  The  nuclear  meni- 
brane  is  a  little  crenated.  with  a  thin  rim  of  heterochromatin  at- 
tached to  its  inner  surface,  whereas  most  of  the  remaining  chro- 
matin is  euchromatic  (Fig.  4B). 


Type  2  Neuroglia  (NG,) 

The  cell  body  and  nuclear  size  of  these  cells  are  similar  to  those 
of  NG|,  but  they  show  completely  dense  chromatin  (Figs.  ?•€  and 
4D).  NG,  lie  in  a  single  row  on  the  basement  membrane  (Figs.  4D 
and  6). 

Type  3  Neuroglia  (NG,) 

These  are  small  cells  with  spindle-shaped  nuclei  (2-3  |xni)  that 
contain  completely  dense  heterochromatin.  They  are  scattered 
among  nerve  bundles  of  the  medulla  (Figs.  3B,  4A.  5D.  and  6). 

DISCUSSION 

The  anatomy  of  the  nervous  system  of  the  tropical  abalone,  H. 
asiniiui.  is  similar  to  those  of  primitive  prosobranchs  and  other 
species  of  abalone  described  by  Crofts  (1929)  and  Fretter  and 
Graham  (1962).  Crofts  (1929)  reported  that  in  H.  liiheirulala.  H. 
laincllosa.  and  H.  cracherodii.  the  cerebral  ganglia  sent  the  nerves 
to  supply  the  epipodia.  tentacles,  eyes,  and  statocysts.  Through 
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c  5.  A  low-power  micrograph  sliowing  longitudinal  section  of  cerebral  ganglion  stained  with  CH-P.  Do.  dorsal;  La,  lateral;  Ve.  ventral. 
Medium-power  (B)  and  high-power  (C  and  I))  micrographs  showing  longitudinal  sections  of  cerebral  ganglion  stained  with  CH-P.  Co, 
;;  Np.  neuropil;  NG,.  Type  3  neuroglia;  NS,,  Type  1  neurosecretory  cell;  NS^,  Type  2  neurosecretory  cell;  NR„  Type  1  neuron;  NRj,  Type 
ron;  NG„  Type  3  neuroglia. 


these  nerves,  the  animals  receive  chemosensory.  mechanosensor>', 
and  visual  input  from  their  environment.  Hence,  the  cerebral  gan- 
glia are  probably  the  most  important  center  for  nervous  integration, 
comparable  to  the  brain  in  higher  animals.  The  cerebral  ganglia  in 
H.  asinina  are  also  connected  with  the  buccal  ganglion  and  pleu- 
ropedal  ganglion  mass.  It  was,  therefore,  suggested  that  the  cere- 
bral ganglia  could  serve  as  a  center  for  coordinating  and  modulat- 
ing various  functions  mediated  by  the  rest  of  the  nervous  system 
(Jahan-Parwar  and  Fredman  1976). 

The  cerebral  ganglia  of  H.  asinina  are  surrounded  by  a  loose 
connective  tissue  that  is  rich  in  collagen-like  fibers,  threaded  with 
capillary  plexuses.  This  connective  tissue  sheath  is  quite  different 
from  that  of  Helix  aspersa  Muller,  which  is  composed  of  two 
layers,  the  outer  layer  being  packed  with  globuli  cells  and  the  inner 
being  dense  and  lamellated  (Fernandez  1966).  The  histological 
study  presented  here  of  the  cerebral  ganglia  of  H.  asinina  revealed 
that  they  contain  eight  cell  types:  two  types  of  neuro.secretory  cells, 
three  types  of  neurons,  and  three  types  of  neuroglia.  Yahata  (1971) 


and  Hahn  ( 1994a)  described  four  types  of  neurons  in  N.  discus  and 
H.  discus  hannai.  They  are  called  Type  A.  Type  B.  Type  C.  and 
Type  D  cells.  Type  A  and  Type  B  cells  are  neurosecretory  cells. 
On  the  basis  of  the  similarities  in  size  and  shape  and  their  nuclear 
characteristics,  distribution,  and  staining  affinity,  the  neurosecre- 
tory cells  Type  1  (NS,)  and  Type  2  (NS,)  in  this  study  should 
correspond  to  Type  A  and  Type  B  cells,  respectively,  as  reported 
by  Yahata  (1971)  and  Hahn  (1994a).  In  N.  discus.  Type  A  cells 
were  further  divided  into  Type  A-I  cells,  which  contain  neuro- 
secretory granules  stained  with  PF  and  CH-P.  and  Type  A-Il  cells, 
the  secretory  granules  of  which  stained  with  phloxine  but  not 
CH-P.  Type  A-II  cells  of  H.  discus  hannai  appear  to  be  larger 
(20-.^2  |j.m)  than  the  NS,  of  H.  asinina  (20  |xm).  However,  the 
cell  bodies  of  both  Type  A  cells  (Hahn  1994a)  and  NS,  stained 
with  PF. 

Neurosecretory  cells  are  found  in  large  quantities  and  variety  in 
molluscan  ganglia,  which  are  the  principal  source  of  hormones. 
The  functions  of  neurosecretory  cells  in  the  cerebral  ganglia  are 
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Figure  6.  A  diagram  illustrating  structure  and  cellular  composition  of 
the  cortex  and  medulla  of  cerebral  ganglion.  NS,,  Type  1  neurosecre- 
tory cell;  NS,,  Type  2  neurosecretory  cell;  NR,,  Type  1  neuron;  NR,, 
Type  2  neuron:  NR„  Type  3  neuron:  NG,,  Type  1  neuroglia:  NG,, 
Type  2  neuroglia;  NG„  Type  3  neuroglia;  Ca,  capillary. 

thought  to  be  related  to  reproduction  (Yahata  1971.  Yahata  1973. 
Hahn  1994a,  Hahn  1994b).  Yahata  ( 1971 )  found  that  Type  A  and 
Type  B  cells  in  the  cerebral  ganglia  of  N.  discus  showed  seasonal 
changes  in  the  staining  intensity  of  PF.  These  cells  began  to  ac- 
cumulate PF  granules  in  June,  when  the  gonads  started  to  mature, 
and  the  PF  stain  intensity  continued  to  increase  until  it  reached  a 
maximum  in  September,  which  was  the  month  of  spawning. 
Hence,  the  rise  and  fall  of  the  neurosecretory  material  coincided 
with  gonadal  maturation  (Yahata  1971).  However,  the  injection  of 
crude  homogenate  of  the  cerebral  ganglia  into  ripe  females.  N. 
discus,  did  not  induce  spawning,  but  there  was  a  considerable  gain 
in  the  mean  body  weight  from  the  increase  in  water  uptake  (Yahata 
1973). 

Hahn  (1994a)  reported  that  the  neurosecretory  activities  in 
Type  A  and  Type  B  ceils  in  the  cerebral  ganglia  of  H.  discus 
hannai.  as  reflected  by  the  staining  intensity  of  cytoplasmic  ma- 
terial, varied  with  the  reproductive  cycles.  The  neurosecretory  ac- 
tivity of  Type  A  cells  was  correlated  with  vitellogenesis  in  the 


ovaries  of  females,  but  not  with  gonad  maturation  and  spermato- 
genesis in  males.  The  neurosecretory  activity  in  Type  B  cells  in 
both  se.xes  did  not  show  any  con-elation  with  gametogenesis.  vi- 
tellogenesis, or  spawning.  Further  studies  are  clearly  needed  on  the 
neuroendocrine  activities  and  functions  of  neurosecretory  cells  of 
cerebral  ganglia  in  abalone.  including  NS,  and  NS,  cells  in  H. 
asinina. 

There  are  three  types  of  neurons  in  the  cerebral  ganglia  of  H. 
asinina.  whereas  only  two  types  of  neurons  (Type  C  and  Type  D 
cells)  were  described  in  N.  discus  and  H.  discus  hannai  (Yahata 
1971.  Hahn  1994a).  On  the  basis  of  the  size  and  shape  of  cells  and 
their  nuclei.  NR,  are  quite  similar  to  Type  C  cells,  whereas  NR, 
probably  correspond  to  Type  D  cells.  These  cells  did  not  have  any 
neurosecretory  granules  in  their  cytoplasm.  NR,  cells  have  not 
been  reported  in  N.  discus  or  H.  discus  hannai  (Yahata  1971.  Hahn 
1994a).  These  cells  are  the  largest  neurons  in  the  cerebral  ganglia 
of  H.  asinina.  They  are  pyramidal  and  multipolar  in  shape  with  a 
round  nucleus,  and  no  neurosecretory  granules  are  observed  in  the 
cytoplasm.  Compared  with  the  classification  of  neurons  in  the 
nervous  systems  of  higher  vertebrates,  it  is  possible  that  NR,  may 
be  concerned  with  motor  activities  because  of  their  large  size  and 
multipolarity.  whereas  NR,  and  NR,  are  most  likely  to  be  associ- 
ated neurons. 

Three  types  of  neuroglia  were  observed  in  the  cerebral  ganglia 
of  H.  asinina.  To  the  best  of  our  knowledge,  there  has  not  yet  been 
any  classification  of  neuroglia  in  any  species  of  abalone.  NG,  are 
probably  the  general  glia  cells  of  the  cortex  because  of  their  uni- 
form distribution  in  all  cell  layers  of  the  cortex.  NG,,  because  of 
their  unique  lining  of  the  basement  membrane,  could  be  a  part  of 
the  blood-nerve  barrier  that  gates  out  the  undesirable  factors  from 
the  blood  supplied  by  the  capillaries.  NG,.  on  the  other  hand,  are 
glia  cells  of  the  neuropil  of  the  medullary  region.  It  remains  to  be 
proved  whether  they  are  involved  in  the  synthesis  of  the  myelin- 
like  structure  surrounding  the  nerve  fibers  in  the  neuropil. 
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RESPIRATION  RATE  AND  THERMAL  TOLERANCES  OF  PINTO  ABALONE 
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ABSTRACT  Oxygen  consumption  rates  were  measured  for  pinto  abalone.  Halknis  kamtschatkaim.  held  at  0,5-26,5°C,  Thermal 
tolerances  were  inferred  from  respiration  data,  behavior,  and  survival  at  the  test  temperatures.  At  0,5  and  26,5°C,  pinto  abalone  were 
unable  to  maintain  their  attachment  to  surfaces  and  mortalities  occurred.  At  0.5°C.  the  first  mortality  occurred  after  13  days,  and  by 
the  end  of  6  wk.  75<7r  of  the  test  animals  had  died.  At  26,5  C,  the  first  death  was  on  Day  6,  and  by  Day  10.  all  animals  were  dead. 
Between  2  and  24°C.  no  evidence  of  respiratory  stress  was  evident  and  a  linear  relationship  between  o,\ygen  consumption  rate  and 
temperature  was  observed, 

A'£)'  WORDS:     pinto  abalone,  Haliolis.  respiration,  temperature 


INTRODUCTION 

A  single  species  of  abalone.  Haliotis  kaintschatkana  Jonas 
1845.  occurs  in  Alaska,  where  it  is  harvested  commercially  on  a 
small  scale.  Southeastern  Alaska  is  the  northern  limit  of  their 
range,  and  it  is  reasonable  to  assume  that  their  inability  to  function 
in  the  colder  northern  Gulf  of  Alaska  and  Bering  Sea  limits  their 
northern  distribution.  Periodically,  there  is  interest  in  culturing  this 
cold-water  species,  cominonly  called  pinto  abalone.  to  supplement 
the  limited  natural  populations.  The  benthic  stages  eat  macroalgal 
species  that  are  common  throughout  the  Gulf  of  Alaska  as  well  as 
graze  on  attached  diatoms  (Paul  et  al,  1977),  They  had  also  been 
reported  to  eat  the  planktonic  diatom  Chaetoceros  (Paul  et  al, 
1977),  but  that  was  a  misidentification  by  one  author  of  that  article. 
They  can  be  spawned  in  captivity,  and  the  potential  for  rearing 
hybrids  of  this  species  in  northern  Japan  has  also  been  explored 
(Momma  1990),  Thus,  the  species  has  many  of  the  necessary  at- 
tributes appropriate  for  artificial  culturing.  However,  the  medium- 
term  thermal  tolerances  of  pinto  abalone  are  poorly  understood. 
This  information  is  needed  to  determine  the  suitability  of  different 
areas  for  the  culture  of  this  species  and  environmental  require- 
ments for  keeping  it  in  captivity  and  understanding  its  distribution. 
In  this  study,  measurements  of  oxygen  consumption  were  made  to 
test  the  respiratory  response  of  pinto  abalone  to  thermal  conditions 
between  0,5  and  26,5°C,  The  thermal  range  occurring  in  surface 
waters  of  Sitka.  AK.  the  site  where  animals  were  captured  for  this 
study,  is  about  3  and  18°C  (U.S.  Dept,  Commerce  1970).  so  our 
experiments  included  temperatures  they  would  not  normally  en- 
counter, 

MATERIALS  AND  METHODS 

Specimens  of  Haliotis  kaintschatkana  from  Sitka.  AK.  were 
held  captive  for  3  y  in  the  Seward  IMS  laboratory  before  these 
observations.  During  captivity,  the  abalone  were  continuously  fed 
a  variety  of  macroalgae  with  Laininaria.  Alaria.  Ulva.  and  Rhody- 
menia  being  the  common  genera.  They  also  grazed  on  attached 
diatoms  that  grew  on  the  sides  of  the  tanks.  They  were  held  in 
800-L  tanks  with  seawater  exchange  rates  of  lOC/f/h, 

Specimens  were  held  at  0.5  (n  =  12),  2  (n  =  20),  4  (n  =  16), 
8,5  (n  =  8),  12  (n  =  16),  15  (n  =  23),  17,5  (n  =  24),  21.5  (n  = 


18).  24  (n  =  8),  and  26.5°C  (n  =  6)  for  the  tests.  The  maximum 
variation  in  tank  temperatures  was  ±0.5°C  during  any  test.  Oxygen 
consumption  measurements  were  done  at  the  appropriate  season 
for  the  test  temperature  to  occur  in  nature.  Individuals  were  gradu- 
ally acclimated  to  some  test  temperatures  by  the  naturally  occur- 
ring seasonal  changes  in  the  seawater  entering  the  laboratory, 
which  ranged  from  3  to  1 1°C,  When  the  incoming  water  reached 
1 1°C,  the  temperature  was  artificially  altered  upward  by  1  °C/wk  to 
teach  the  upper  test  temperatures  in  a  thermally  controlled  room. 
After  the  incoming  seawater  temperature  declined  to  3,5°C,  the 
temperature  was  artificially  altered  downward  by  l.5°C  per  week 
to  2  and  0,5°C,  The  abalone  were  held  within  1°C  of  the  test 
teiTiperature  for  at  least  1  wk  before  oxygen  consumption  rate 
measurements  were  made. 

Measurements  were  made  to  determine  the  role  background 
oxygen  levels  had  in  governing  respiration  rates.  This  information 
was  necessary  to  ensure  that  in  the  later,  temperature-specific  res- 
piration measurements,  background  oxygen  levels  would  not  re- 
strict oxygen  uptake.  Oxygen  consumption  rates  at  8,5°C  were 
determined  for  six  individuals  at  the  following  background  oxygen 
levels:  6.0-5.0.  5.0-4.0,  4,0-3.0,  and  3.0-2,0  mL  of  0,/L.  Oxygen 
determinations  were  made  in  a  4,5-L  chamber  with  a  built-in  mag- 
netic stirrer  and  an  Orion  model  97-08  electrode  that  was  cali- 
brated by  the  Winkler  technique.  They  were  kept  in  these  cham- 
bers for  3  days  without  food,  and  the  measurement  was  made  on 
the  fourth  day.  On  the  t~ifth  day,  measurements  were  continually 
made  as  the  background  oxygen  levels  naturally  declined  as  a 
result  of  oxygen  use  by  the  animals  from  a  standard  starting  level 
of  6.0  to  down  to  2,0  mL  of  Oj/L.  Each  individual's  respiration 
rate  per  unit  of  time  was  averaged  for  four  different  background 
oxygen  levels:  6,0-5,0.  5,0-;,0.  4,0-3,0.  and  3,0-2,0  mL  of  0,/L, 
A  range  of  animal  weights  were  used  to  see  if  size  would  influence 
oxygen  consumption  relative  to  background  oxygen  levels  and  to 
help  us  select  the  size  of  animals  that  be  appropriate  for  the  tem- 
perature-specific experiments, 

Abalone  from  45  to  55  g  live  weight  were  used  to  examine  the 
influence  of  temperature  on  oxygen  consumption  rates.  The  aba- 
lone were  placed  individually  in  9-L  open  chambers  immersed  in 
a  temperature-regulated  seawater  bath  (±0. 1°C).  The  chambers 
were  aerated,  and  over  them,  the  licht  level  was  a  constant  0,3  lux. 


743 


744 


Paul  and  Paul 


They  were  kept  in  these  chambers  for  3  days  without  food,  and  the 
measurement  was  made  on  the  fourth  day.  For  measurements  of 
oxygen  consumption  rates,  chambers  were  sealed  for  1-24  h.  de- 
pending on  water  temperature.  Salinities  in  all  experiments  ranged 
from  32  to  33*^^  Chambers  were  sealed  long  enough  so  that  oxy- 
gen levels  decreased  by  at  least  1  niL  of  O^/L,  but  they  were  not 
closed  long  enough  for  oxygen  background  levels  to  drop  below  3 
mL  of  Oi/L.  Initial  and  final  oxygen  determinations  were  made 
with  a  Monostat  Digipet  pipette  and  the  Winkler  titration  method 
on  BOD  samples  (Strickland  and  Parsons  19721.  Afterwards,  aba- 
lone  were  held  at  the  test  temperature  and  fed  regularly  for  6  wk 
to  note  survival  after  prolonged  exposure. 

RESULTS 

Oxygen  consumption  rates  were  not  modified  markedly  by 
background  oxygen  levels  above  2  mL  of  O^/L  (Table  I ).  Because 
values  of  background  oxygen  levels  were  not  allowed  to  fall  below 
3  mL  of  O^/L  in  observations  of  respiration  rate  relative  to  water 
temperature,  they  did  not  conspicuously  affect  those  results. 

During  the  acclimation  period,  before  measurement  of  respira- 
tion rates,  behavioral  anomalies  were  observed  in  abalone  held  at 
0.5  and  26.5"C.  At  these  temperatures,  the  abalone  were  not  able 
to  right  them.selves,  remaining  on  the  chamber's  floor  rather  than 
attaching  to  a  surface.  Respiration  rates  were  determined  for  all  1 2 
of  the  0.5°C  test  animals  while  they  were  in  this  state.  They  had  an 
average  oxygen  consumption  rate  of  6.3  (J-L/g  per  h  (Fig.  lA).  The 
first  death  in  this  group  occuned  on  Day  13  of  existing  at  0.5°C. 
and  by  the  end  of  6  wk,  75%  of  this  test  group  had  died.  Not  all  of 
the  planned  measurements  of  oxygen  consumption  rates  at  26.5°C 
were  completed  because  there  was  100%  mortality  in  that  test 
group  (n  =  6)  during  the  study.  Deaths  occurred  on  Days  6  (n  = 
1 )  and  7  (n  -  2)  of  existing  at  the  test  temperature.  Three  of  six 
abalone  in  a  live  but  distressed  condition  survived  long  enough  to 
be  tested,  and  they  had  an  average  oxygen  consumption  rate  of  9.7 
p-L/g  per  h  (Fig.  lA).  This  was  a  marked  deviation  from  the 
previous  trend  of  increased  respiration  rate  with  elevation  of  water 
temperature.  All  three  of  these  animals  died  after  10  days  of  ex- 
posure to  test  temperature. 

For  pinto  abalone  45-55  g  live  weight,  rates  of  oxygen  con- 
sumption generally  increased  as  the  holding  temperature  went 
from  0.5  to  24°C  (Fig.  lA).  No  obvious  behavior  abnormalities 
were  noted  in  the  2-24°C  test  groups.  When  the  mean  values  for 
oxygen  consumption  rates  were  plotted  for  test  animals  held  be- 

TABLE  1. 

Oxygen  consumption  {)ilJg  per  h)  by  H.  kamlschalkana  at 

background  oxygen  concentrations  between  6.0  and  2.0  niL  of  O^/L, 

8.5°C;  observations  were  made  on  six  individuals  ranging  from  22 

to  1 1 1  g. 


100 


Initial  Oxygen 

Concentration 

Oxygen  Consumption 

(mL  of  0,/L) 

(pL/g  per  h) 

6.0-5.0 
4.9-4.0 
3.9-3.0 
2.9-2.0 
Mean  oxygen 

consumption  rale 
SD 
Abalone  weight  (g) 


2.5 


56 


1 

95 


1 

Kill 


100 


10  15  20 

TEMPERATURE  (°C) 

Figure  L  Oxygen  consumption  (pL/O,)  per  gram  whole  weight  per 
hour)  by  H.  kamlschalkana  at  different  temperatures.  Datum  points 
for  individual  animals  occur  in  Panel  .A,  and  mean  values  (9)  and 
vertical  bars  representing  ±1  SD  are  shown  in  Panel  B. 

tween  2  and  24°C,  a  linear  relationship  (<//'  =  7,  p  <  0.001 )  be- 
tween oxygen  consumption  rate  and  temperature  was  evident  (Fig. 
IB).  There  were  no  mortalities  in  the  groups  of  animals  held  at 
other  than  extreme  test  temperatures. 

DISCUSSION 

Although  there  are  some  published  measurements  of  thermal 
modification  of  respiration  rate  for  other  species  of  abalone,  few  of 
them  were  done  at  the  low  temperatures  occurring  in  Alaska.  Also, 
the  methods  used  in  this  study  precluded  a  good  understanding  of 
the  lespiratory  biology  of  pinto  abalone.  In  this  study,  the  methods 
did  not  consider  several  factors  that  might  alter  respiration  rate. 
Many  of  our  incubation  times  were  too  short  to  account  for  diurnal 
activity  patterns,  only  fasting  animals  were  used  in  the  measure- 
ments so  specific  dynamic  activity  was  not  accounted  for,  and  the 
specimens  were  all  from  a  I'estricted  weight  range.  The  energetic 
cost  of  locomotion  was  not  accounted  for,  and  there  may  he  a 
seasonal  cycle  of  respiration  rate  that  is  not  described. 

The  results  of  this  study  provide  an  indication  of  medium-term 
thermal  tolerances  for  .Alaskan  pinto  abalone,  but  the  experiments 
aie  inadequate  to  assess  the  long-term  survival  potential  of  abalone 
at  either  2  or  24°C.  It  is  known  that  the  shells  of  pinto  abalone 
grow  little  when  the  water  is  <8.5°C  (Paul  and  Paul  1981).  but  the 
optimal  temperature  for  tissue  and  shell  growth  rates  and  long- 
term  survival  have  yet  to  be  established.  The  sea  surface  tempera- 
ture in  .southeastern  Alaska,  where  pinto  abalone  are  abundant,  is 
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normally  between  3  and  IS'C  (U.S.  Depl.  Commerce  1970),  and 
no  indication  of  respiratory  stress  was  observed  at  those  tempera- 
tures (Fig.  1).  This  experiment  shows  that  pinto  abalone  can  sur- 
vive short  exposures  of  0.5"C.  However,  prolonged  exposure  to 
^0.5°C  causes  the  pinto  abalone  to  lose  its  protective  grip  on 
substrate,  increasing  the  possibility  of  loss  to  predators,  and  then 
becomes  lethal  if  the  exposure  continues.  North  of  the  southeastern 
.Alaska  archipelago,  in  areas  like  Prince  William  Sound,  as  well  as 
the  .Meutian  Islands,  sea  surface  temperatures  si0.5°C  are  rela- 
tively common  (U.S.  Dept.  Commerce  1970),  and  this  probably 
explains  why  H.  kamtschalkana  does  not  exist  there.  Our  findings 
suggest  that  the  southcentral  Gulf  of  Alaska  would  not  be  good 
habitat  in  which  to  culture  pinto  abalone  commercially  unless  sea- 
water  can  be  heated  cheaply. 

Thermally  induced  deaths  were  reported  when  pinto  abalone 
were  held  at  17°C  (Paul  and  Paul  1981).  This  study  shows  that 
\\  ith  proper  thermal  acclimation,  those  temperatures  are  not  lethal. 


and  that  the  upper  critical  temperature  falls  between  24  and 
26.5°C.  Sea  temperatures  s24°C  are  not  known  to  occur  in  Alaska 
(U.S.  Dept.  Commerce  1970).  Tolerances  of  24°C  conditions  may 
explain  the  species'  ability  to  inhabit  waters  as  far  south  as  Cali- 
fornia. However,  even  in  California,  shallow  subtidal  temperatures 
are  seldom  warmer  than  20-22°C  (D.  Leighton  Marine  Bioculture 
Inc.  pers.  comm.).  Similar  studies  on  more  southern  stocks  should 
provide  further  insight  into  the  thermal  tolerance  of  the  species  and 
may  demonstrate  the  existence  of  physiological  races. 
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GROWTH  OF  RED  ABALONE,  HAUOTIS  RUFESCENS  (SWAINSON),  AT  JOHNSONS  LEE, 

SANTA  ROSA  ISLAND,  CALIFORNIA 
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ABSTRACT  Growth  of  red  abalone.  Hatiotis  rufescens,  was  examined  by  the  use  of  tag  and  recapture  at  Santa  Rosa  Island.  Santa 
Barbara  County,  CA  from  1978  to  1984.  During  five  annual  visits  to  the  study  site,  we  collected,  tagged,  and  replaced  2.145  red 
abalone.  Annual  growth  increments  of  individual  abalones  were  used  to  estimate  and  compare  annual  Von  Bertalanffy  growth 
parameters.  Single-year  growth  during  the  1978  to  1979  period  was  significantly  different  from  grouped  periods  1979  to  1981  and  1981 
to  1982.  Red  abalone  grew  to  recreational  size  (178  mm)  in  5.6-1 1.3  y  and  to  commercial  size  (198  mm)  from  7.6  to  almost  20  y.  After 
the  1982  to  1984  El  Nino,  we  revisited  our  study  site  to  remeasure  tagged  abalone.  Two-year  growth  data  comparisons  (necessary 
because  of  the  intervening  year  when  no  data  were  taken)  indicated  that  growth  of  red  abalone  was  severely  depressed.  This  observed 
growth  reduction  could  have  resulted  from  the  direct  effect  of  elevated  seawater  temperature  on  red  abalone  or  from  the  decline  m  food 
resulting  from  El  Nirio-related  events,  i.e.,  storms  and  kelp  deterioration. 
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INTRODUCTION 

Red  abalone.  Haliotis  ntfesceiis  (Swainson).  is  the  largest  of 
eight  species  of  abalone  in  California,  attaining  a  ma,\itnum  size 
over  300  mm  shell  diameter.  It  occurs  throughout  California,  in 
two  biogeographic  provinces,  the  Oregonian  and  the  San  Diegian. 
that  meet  at  Point  Conception  (Fig.  1).  Local  distribution  of  red 
abalone  is  strongly  influenced  by  seawater  tetnperature.  Thus,  in 
cooler  temperate  water  along  northern  and  central  California,  it 
occurs  intertidally  to  15-m  depth,  whereas  in  the  usually  warmer 
water  of  subtropical  southern  California,  it  is  subtidal  to  about 
20-m  depth.  Its  presence  in  this  area  often  depends  on  local  up- 
welling  of  cooler  waters  (Leighton  1974.  Tutschulte  1976). 

,^balone  are  slow-growing,  long-lived,  broadcast-spawning, 
benthic  herbivores  found  on  hard  substrate,  often  in  the  vicinity  of 
large  brown  algae,  which  provide  their  food.  Partly  because  of 
their  large  size,  red  abalone  have  been  harvested  along  the  Pacific 
Coast  of  North  America  from  the  earliest  settlers  to  the  present. 
Recently,  red  abalone  provided  valuable  commercial  and  recre- 
ational fisheries  in  California,  During  the  last  few  decades,  how- 
ever, landings  declined  as  natural  and  anthropogenic  factors  placed 
more  pressure  on  abalone  populations.  Commercial  landings  de- 
clined to  about  10%  of  historic  high  landings  by  1996.  Red  abalone 
continue  to  be  threatened  by  excessive  harvest,  disease,  loss  of 
habitat,  and  pollution. 

Growth  rate  data  are  needed  for  effective  resource  manage- 
ment. This  is  especially  true  for  species  like  abalone.  Previous 
growth  studies  (Leighton  1974.  Tegner  et  al.  1989.  Greenier  et  al. 
1992)  concentrated  on  juvenile  and  small  red  abalone.  Although 
these  provided  valuable  insight  on  small  abalone  that  are  cryptic  in 
the  wild,  they  do  not  satisfy  the  need  for  information  on  growth 
throughout  life.  Tegner  et  al.  (1992)  reported  on  studies  of  red 
abalone  growth  in  northern  California.  Growth  there,  however. 
may  not  be  directly  applicable  to  southern  California  abalone 
populations. 


In  1978.  we  began  a  study  of  red  abalone  growth  in  southern 
California.  We  collected  field  data  annually  at  Santa  Rosa  Island 
(Fig.  1 )  from  1978  to  1982.  In  1984.  we  made  an  additional  growth 
data  collection  in  response  to  El  Nino  conditions,  which  became 
apparent  in  1983.  This  location  was  ideal  because  it  had  a  weather- 
sheltered  cove  with  an  abundant  population  of  red  abalone.  In  this 
article,  we  present  red  abalone  growth  information  from  a  broad 
range  of  sizes  at  a  single  location  and  examine  the  study  procedure, 
i.e..  collection,  tagging,  measuring,  and  replacement  of  abalone, 
using  annual  growth  comparisons.  We  also  discuss  potential  ef- 
fects of  increased  seawater  temperature  on  red  abalone. 

METHODS 

Johnsons  Lee  (latitude,  33°54'N;  longitude,  120°06'W)  is  on 
the  south  side  of  Santa  Rosa  Island  (Fig.  1 ).  This  site  was  chosen 
because  abalone  were  abundant  and  the  area  is  easily  accessible.  It 
was  visited  six  times,  during  July  of  each  year,  from  1978  to  1982. 
and  in  1984,  The  support  vessel  was  anchored  over  the  site  with 
visual,  shoreline  cross-bearings  and  Loran-C  coordinates.  The 
study  site,  about  50  m  in  radius,  is  a  rocky  reef  with  ledges, 
crevices,  movable  rocks,  and  boulders.  Relief  \  aried  from  0  to  2  m, 
and  depth  varied  from  II  to  17  m.  The  site  is  bounded  by  large 
sand  areas  on  the  (shoreward)  north  and  east  sides  and  by  mixed, 
low-relief  rock  reefs  and  sand  patches  on  the  west  and  south  (off- 
shore). Giant  kelp,  Macrocystis  pyrifera.  was  consistently  abun- 
dant throughout  the  area. 

We  used  mark-recapture  to  measure  growth  rate.  Scuba  divers 
collected  red  abalone  and  brought  them  to  the  vessel,  where  they 
were  placed  in  flowing  seawater.  Abalone  were  marked  with  num- 
bered, stainless  steel  tags  secured  with  stainless  steel  wire  through 
two  completely  formed  shell  apertures  (Haaker  et  al.  1986).  Shell 
length  (maximum  shell  dimension)  was  measured  to  the  nearest 
millimeter  with  calipers.  The  foot  was  examined  for  injury,  and  the 
shell  was  examined  for  the  presence  of  the  boring  sponge,  Cliona 


747 


748 


Haaker  et  al. 


'34 


■33 


Figure  1.  Southern  California,  shoeing  tlie  location  of  the  Johnsons  Lee,  Santa  Rosa  Island,  tagging  site. 


spp.  All  abalone,  except  for  severely  injured  individuals,  were  then 
returned  to  the  site.  Fewer  than  10  abalone  collected  a  short  dis- 
tance from  the  study  site  in  the  course  of  another  study  were 
tagged  and  placed  in  the  site. 

On  subsequent  visits,  we  collected  both  tagged  and  additional 
untagged  abalone.  These  abalone  were  tagged  if  appropriate  and 
treated  as  previously  described.  Replaced  abalone  were  tempo- 
rarily marked  with  colored  wire  or  plastic  flagging  to  avoid  re- 
peated collection  during  the  same  visit.  In  1982,  no  new  abalone 
were  tagged,  but  all  previously  tagged  abalone  that  could  be  lo- 
cated were  collected,  measured,  and  replaced.  No  visit  to  the  site 
was  made  in  1983.  A  sixth  visit  was  made  in  1984  to  obtain  data 
on  red  abalone  growth  during  a  prolonged  period  of  elevated  water 
temperature  caused  by  warm  tropical  waters  intruding  into  south- 
ern California,  a  phenomenon  known  as  El  Nifio.  Raw  data  col- 
lected during  this  study  are  available  in  tabular  form  (Haaker  et  al. 
1986  Appendix  A). 

Because  stress  due  to  the  tagging  operation  may  affect  growth 
rates,  we  investigated  its  possible  effects  on  growth.  A  group  of 
abalone  that  had  been  collected,  measured,  and  replaced  during 
three  consecutive  years  was  paired  with  a  group  only  encountered 
during  the  first  and  last  years  of  the  same  period.  For  example,  one 
group  consisted  of  abalone  measured  in  1978.  1979,  and  1980,  and 
its  paired  group  consisted  of  abalone  measured  only  during  1978 
and  1980.  A  regression  line  was  calculated  for  each  group  of 
abalone.  with  length  after  2  y  as  the  dependent  variable  and  initial 
length  as  the  predictor  variable. 

We  used  a  method  of  comparing  regression  lines  given  in  Littel 
et  al.  f  1991.  pp.  243-246)  to  compare  the  paired  groups  of  abalone. 
Essentially,  it  was  an  analysis  of  covariance  model;  it  used,  in 
addition  to  the  predictor  variable,  an  indicator  variable  for  groups. 
and  a  product  of  the  indicator  variable  and  the  predictor  variable  to 
test  for  significance  of  the  regression  parameters.  The  hypothesis 
tested  was  that  a  possible  handling  effect  would  be  shown  by 
differences  in  the  regression  lines  within  the  paired  groups  of 
abalone.  Comparisons  were  made  for  three  periods:  1978  to  1980. 
1979  to  1981.  and  1980  to  1982.  A  5%  significance  level  was  used. 


We  used  the  SAS  general  linear  models  procedure  GLM  to  com- 
pare the  regression  lines  (SAS  Institute  1990). 

We  determined  growth  curves  from  annual  increments  in 
length  of  tagged  individuals.  We  used  the  nonlinear  methodology 
of  Kirkwood  and  Somers  (1984)  for  mark-recapture  data  to  esti- 
mate the  parameters  and  standard  errors  for  the  von  Bertalanffy 
growth  model.  This  model  for  mark-recapture  data  can  be  written 
as: 

d  =  (L.,_-r)  (l-exp(-Kt)) 

where  d  =  c  -  r,  c  =  length  at  recapture,  r  =  length  at  release, 
L-^  =  mean  asymptotic  length  of  abalone,  K  =  Brody  growth 
coefficient,  and  t  =  time  between  release  and  recapture:  =  1  for 
1-y  interval.  =  2  for  2-y  interval. 

We  used  the  SAS  procedure  NLIN  for  nonlinear  regression 
with  the  secant  method  to  fit  the  von  Bertalanffy  model  (SAS 
Institute  1990).  The  ages  at  recreational  and  commercial  minimum 
sizes  were  estimated  from  the  von  Bertalanffy  growth  curve. 

Comparisons  of  the  growth  curves  for  the  l-y  growth  periods 
were  made  using  the  likelihood  ratio  method  of  Kimura  ( 1980).  If 
two  or  more  groups  compared  have  the  same  growth  curve,  it 
would  be  shown  by  simultaneous  nonsignificant  differences  in 
both  the  L-^  and  the  K  parameters.  The  four  growth  periods — 1978 
to  1979.  1979  to  1980.  1980  to  1981.  and  1981  to  1982— were 
compared  together  to  see  if  any  significant  differences  occurred 
among  them.  Then,  each  possible  pair  of  the  growth  periods  was 
tested.  When  no  significant  differences  occurred  between  adjacent 
growth  periods,  then  the  periods  were  combined,  and  a  von  Ber- 
talanffy growth  curve  was  determined  for  the  combined  period. 
We  used  the  NLIN  procedure  from  SAS  to  implement  the  likeli- 
hood ratio  method  of  Kimura  for  comparisons  of  growth  curves 
(SAS  Institute  1990). 

Because  no  data  were  collected  in  1983.  2-y  periods  were  used 
to  test  for  possible  effects  on  growth  rate  due  to  El  Nino.  The  von 
Bertalanffy  growth  curves  for  the  2-y  periods  of  1978  to  1980, 
1979  to  1981.  and  1980  to  1982  were  compared  with  the  growth 
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TABLK  1. 

Numbers  of  red  abalone,  lags,  and  ta;;  reco>eries  lolltcled  during  each  annual  visit  to  Johnsons  Lee,  Santa  Rosa  Island;  total  includes 

abalone  tagged  in  a  year  I  new)  and  abalone  tagged  in  previous  years. 


1978 
New 

1979 

1980 

1981 

1982 

1984 

New 

Total 

New 

Total 

New 

Total 

New 

Total 

New 

Total 

Parameter 

Tags 

Tags 

Collected 

Tags 

Collected 

Tags 

Collected 

Tags 

Collected 

Tags 

Collected 

n 

?10 

336 

494 

539 

651 

757 

1032 

3* 

412 

0 

138 

Mean 

140.8 

147.9 

154.0 

142.8 

147.9 

141.2 

146.8 

— 

163.8 

— 

165.2 

SD 

40.6 

37.6 

35.5 

40.1 

34.4 

35.2 

34.4 

— 

23.5 

— 

17.9 

Range 

33-217 

45-222 

45-222 

47-2 1 2 

47-212 

39-203 

39-210 

— 

94-213 

— 

72-209 

Tags  from  previous  year 

— 

158 

86 

210 

361 

59 

Annual  recovery  (9r) 

— 

31 

17.4 

32.3 

35 

— 

'  No  abalone  tagged.  Three  abalone  were  tagged  in  previous  years. 


curve  for  the  1982  to  1984  period,  using  the  likelihood  ratio 
method  of  Kimura  (1980).  These  comparisons  determined  if  dif- 
ferences in  growth  might  be  attributable  to  El  Niiio. 

RESULTS 

A  total  of  2.145  red  abalone  (33-222  mm  shell  length)  was 
collected,  tagged,  measured,  and  replaced  during  six  visits  to 
Johnsons  Lee  (Table  1 ).  None  of  the  abalone  were  seen  again  in  all 
six  sampling  periods.  Four  (0.2%)  abalone  were  recaptured  four 
times,  eight  (0.47c)  were  captured  three  times.  137  (6.4%)  were 
captured  twice,  and  632  (29.4%)  were  captured  once.  The  mean 
recovery  rate  after  1  y  was  28.9%  and  ranged  per  year  from  1 7.4 
to  35.0%  (Table  I ).  Thus,  tag  recovery  from  each  visit  was  gen- 
erally high  and  consistent  throughout  the  study. 

The  frequencies  (in  percentages)  of  initial  lengths  for  all  aba- 
lone marked  were  plotted  with  the  frequencies  of  initial  lengths  for 
only  abalone  recaptured  after  a  year  (Fig.  2).  The  two  distributions 
were  similar,  which  implied  that  no  sampling  bias  toward  recap- 
turing larger  abalone  occurred  in  the  study. 

The  tags  were  not  observed  to  cause  either  soft  tissue  reaction 
or  shell  damage.  Although  some  tags  were  thinly  encrusted  with 
bryozoans,  none  had  the  filamentous  encrusting  organisms  often 
seen  on  some  fish  tags.  Some  abalone  (<1%)  were  recovered  with 
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Figure  2.  Length  frequency  distributions  of  initial  lengths  for  all 
tagged  red  abalone  isolid  line)  and  initial  length  of  red  abalone  recap- 
tured after  1  j  (dashed  line),  at  Johnsons  Lee,  Santa  Rosa  Island. 


only  the  attaching  wire  remaining,  a  result  of  twisting  and  abrasion 
against  rocks  by  the  abalone. 

Stress  due  to  handling  and  tagging  had  little  effect  on  abalone 
growth.  No  significant  difference  in  growth  was  found  between 
abalone  collected  consecutively  over  3  y  and  those  undisturbed  for 
2  y.  This  was  shown  by  nonsignificant  differences  between  the 
slopes  and  intercepts  of  the  paired  regression  lines  for  each  of  the 
three  periods  (p  ^  0.15;  Table  2). 

Significant  differences  in  von  Bertalanffy  growth  curves  were 
found  among  the  four  annual  growth  periods  (p  <  0.0001.  Kimura 
likelihood  ratio  test;  Tables  3  and  4).  Comparisons  among  the 
sequential  growth  periods  showed  that  the  1978  to  1979  period 
differed  from  the  1979  to  1980  period;  the  1980  to  1981  period 
differed  from  the  1981  to  1982  period  (p  <  0.0001 ).  However,  the 
1979  to  1980  period  did  not  differ  significantly  from  the  1980  to 
1981  period  (p  =  0.13).  Thus,  a  single  von  Bertalanffy  growth 
curve  was  fitted  for  the  years  1979  to  1981  (Table  3).  Separate  von 
Bertalanffy  growth  curves  were  fitted  to  the  other  two  periods 
(Fig.  3). 

Estimated  age  at  recreational  minimum  size  (178  mm  =  7  in) 
was  5.6  for  the  1978  to  1979  period.  10.4  for  the  combined  1979 
to  1981  period,  and  8.3  for  the  1981  to  1982  period.  Estimated  age 
at  commercial  minimum  size  ( 197  mm  =  7.75  in)  was  7.6  for  the 
1978  to  1979  period  and  19.2  for  the  combined  1979  to  1981 
period.  For  the  1981  to  1982  period,  the  commercial  size  exceeded 
the  mean  asymptotic  size  (Table  3). 

TABLE  2. 

Regression  parameters  for  test  of  tagging  effect  for  paired  2-y 

growth  increments  for  the  years  1978  to  1980,  1979  to  1981,  1980 

to  1982. 


Year  Pair 


M„ 


Slope 


Intercept 


1978  to  1980 


1979  to  1981 


1981  to  1983 


26 

0.55 

0.68 

27 

0.67 

0.51 

51 

0.73 

0.55 

26 

0.70 

0.69 

32 

0.84 

0.55 

77 

0.80 

0.63 

0.26 


0.21 


0.15 


71.2 
100.23 
84.12 
61.77 
86.35 
73.39 


0.38 


0.98 


0.99 


Each  paired  set  is  not  significantly  different.  M„  is  the  number  of  times  the 
abalone  were  handled,  n  is  the  sample  size,  r"  is  the  squared  correlation 
coefficient.  P,  and  P,  are  the  p  values  for  the  slope  and  Intercept  compari- 
sons, respectively. 
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TABLE  3. 

Parameters  of  the  von  Bertalanffy  growth  equation  and  years  to  sport  and  commercial  size  for  red  abalone  collected  at  Johnsons  Lee,  Santa 

Rosa  Island,  CA,  for  each  year  1978  to  1982. 


Size  Range 

n 

L. 

SE 

K 

SE 

Years  to 

Period 

Sport 

Commercial 

1978  to  1979 

46-204 

158 

223.23 

6.56 

0.28 

0.03 

5.6 

7.6 

1979  to  1980 

80-200 

86 

207.09 

8.49 

0.21 

0.04 

9.4 

14.5 

1980  to  1981 

53-212 

210 

196.39 

4.34 

0.21 

0.02 

11.3 

* 

1981  to  1982 

66-210 

361 

194.48 

2.49 

0.30 

0.02 

8.3 

* 

Combined  1979  to 

1981 

53-212 

296 

200.58 

4.01 

0.21 

0.02 

10.4 

19.2 

n  is  the  sample  size.  SE  is  the  standard  error  of  the  corresponding  parameter. 


Biennial  von  Bertalanffy  growth  comparisons,  which  included 
the  1984  data,  revealed  that  growth  was  significantly  different 
among  the  four  periods  (p  <  0.0001,  Kiniura  likelihood  ratio  test; 
Tables  5  and  6).  Growth  was  much  lower  during  the  1982  to  1984 
period,  compared  with  1978  to  1980,  1979  to  1981.  or  1980  to 
1982  (p  <  0.0001).  Because  1982  to  1984  was  a  period  of  elevated 
seawater  temperatures  due  to  a  strong  El  Nino,  these  results  sug- 
gested that  such  conditions  had  a  negative  effect  on  red  abalone 
growth  during  that  time  (Fig.  4). 

Growth  parameters  changed  throughout  the  study  period.  L-^ 
generally  declined  during  each  successive  annual  period  (Table  3). 
Growth  for  the  1978  to  1979  period  was  relatively  fast,  with  an 
average  abalone  attaining  commercial  minimum  size  in  under  8  y. 
In  subsequent  years,  1979  to  1981,  the  growth  to  commercial  size 
slowed  to  19.2  y.  over  twice  that  of  the  1978  to  1979  period. 
Growth  rates  for  the  1981  to  1982  period  were  so  low  that  an 
average  abalone  would  not  have  attained  commercial  minimum 
size  under  those  conditions  (Table  3). 

DISCUSSION 

The  mark-recapture  method  has  been  frequently  used  to  study 
growth  in  abalone  (Cox  1962,  Forster  1967,  Newman  1968.  Kees- 
ing  and  Wells  1989).  It  has  been  criticized,  however,  because  it  can 
result  in  emigration  (Mottet  1978),  mortality  (Burge  et  al.  1973). 
low  recovery  (typically  10-20%)  (Mottet  1978).  and  biased  growth 
curves  (McShane  et  al.  1988).  Shepherd  and  Heam  (1983)  and 
Keesing  and  Wells  (1989)  showed  that  growth  data  collected  over 


too  short  a  duration  and  from  too  narrow  a  size  range  can  yield 
distorted  growth  parameters.  Alternatively,  some  abalones  can  be 
aged  with  annual  growth  rings  (Sakai  1962,  Shepherd  et  al.  1983, 
Prince  et  al.  1988,  Day  and  Fleming  1992.  Shepherd  et  al.  1995), 
but  no  direct  aging  method  has  been  developed  for  red  abalone. 
Thus,  the  mark-recapture  method  is  the  only  one  currently  avail- 
able for  obtaining  reliable  growth  data  from  natural  populations. 

Day  and  Fleming  (1992)  discussed  assumptions  inherent  in 
using  length-increment  data  in  growth  studies,  including  the  effect 
of  the  application  of  the  tag  and  its  presence  on  growth,  the  im- 
portance of  randomness  in  the  recapture  of  tagged  individuals,  and 
the  desirability  that  the  interval  between  tagging  and  recapture 
should  be  whole  years. 

In  this  study,  these  assumptions  were  at  least  partly  addressed. 
The  effects  of  the  tag  application  on  growth  were  addressed  by 
using  experienced  collectors,  minimizing  handling,  and  attaching 
temporary  marks  to  prevent  repetitive  picking  of  recently  tagged 
individuals.  The  influence  of  lagging-related  handling  on  growth 
was  addressed  by  tests  of  group  pairs  of  differentially  tagged  aba- 
lone to  examine  growth  effects.  We  found  no  differences  between 
the  groups  compared. 

Red  abalone  may  move  in  response  to  various  stimuli,  includ- 
ing food  supply  and  physical  disturbance  (Ault  and  DeMartini 
1987).  and  there  is  no  evidence  that  movements  occur  over  exten- 
sive sandy  substrate.  We  have  not  observed  red  abalone  on  sand, 
where  it  would  be  susceptible  to  being  overturned  and  to  predation. 
Although  tagging-related  handling  had  little  effect  on  growth,  it 
may  induce  migration  of  replaced  abalone,  thus  reducing  random- 


TABLE  4. 
Kimura's  likelihood  ratio  test  for  H„:  both  L^  and  K  are  equal  in  periods  compared. 


Periods  Compared 


RSS(fulh 


RSS(red» 


Test  Statistic 


df 


p  Value 


7879  vs.  7980  vs.  8081  vs. 
7980  vs.  8081  vs.  8182 
7879  vs.  7980 
7980  vs.  8081 
8081  vs.  8182 
7879  vs.  8081 
7879  vs.  8182 
7980  vs.  8182 


8182 


815 

43 1 8 1 

51906 

657 

3268S 

34206 

244 

15429 

17987 

296 

15319 

15534 

571 

27752 

29128 

368 

20875 

28830 

519 

27863 

32681 

447 

22306 

22546 

150.0 

6 

0,00(10 

29.8 

4 

0.0000 

37.4 

2 

0.0000 

4.1 

2 

0.13 

27.6 

2 

0.0000 

118.8 

2 

0.0000 

82.8 

2 

0.0000 

4.8 

2 

0.09 

n  is  the  sample  size.  RSS(full)  and  RSS(red)  are  the  residual  sum-ol-squares  tor  the  lull  paiamelers  and  null  hypothesis  models,  respectively,  elf.  degrees 
of  freedom  for  the  test  statistic. 
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Figure  3.  >on  Bertalanffv  annual  growth  curves  for  H.  rufescens  at 
Johnsons  Lee.  Santa  Rosa  Island,  for  the  years  1978  (i.e..  78  on  figure) 
to  1982  (82).  The  1979  to  1980  and  1980  to  1981  turves  are  not  sig- 
nificantly different  and  are  grouped  together. 


ness  in  subsequent  collections.  We  believe  that  lagging-induced 
migration  was  minimal,  because  the  study  site  was  mostly  sur- 
rounded by  sandy  substrate  and  included  sufficient  food.  An  aba- 
lone  could  not  move  far  without  encountering  a  broad  sand  ex- 
panse. Occasional  searches  of  other  reef  habitats  in  the  area  sur- 
rounding the  study  site  found  few  tagged  abalone.  Although  an 
individual  could  move  around  the  site,  it  would  nevertheless  be 
restricted  to  the  general  area  and  be  available  for  recapture  during 
subsequent  visits.  A  factor  not  controlled  was  the  removal  of  aba- 
lone  by  recreational  and  commercial  harvest,  but  most  of  the 
tagged  abalone  were  well  below  the  recreational  size  limit  and 
were  unlikely  disturbed  by  abalone  harvesters  between  surveys. 

We  visited  the  sites  at  annual  increments;  thus,  seasonal  growth 
effects  were  minimized  (Day  and  Fleming  1992).  and  we  tagged 
abalone  in  a  broad  size  range  for  estimation  of  growth  curves. 
Annual  recapture  rates  were  generally  high  and  consistent.  The 
low  recapture  rate  in  1980  may  have  been  caused  by  poor  weather 
conditions  experienced  in  1979.  when  few  abalone  were  able  to  be 
collected,  tagged,  and  replaced. 

We  believe  that  the  stainless  steel  tags  used  here,  if  carefully 
attached  with  wire,  are  durable  and  will  have  little  measurable 
effect  on  an  abalone.  One  tagged  shell  from  an  abalone  that  lived 


TABLE  5. 

Parameters  of  the  von  Bertalanffv  growth  equation  and  tests  for 

growth  differences  among  four  biennial  periods.  1978  to  1980,  1979 

to  1981,  1980  to  1982.  and  1982  to  1984,  to  examine  the  effects  of  an 

El  Niiio  on  growth. 


Perios 

n 

L. 

SE 

K 

SE 

1978  to  1980 

53 

212.26 

13,16 

0.25 

0.06 

1979  to  1981 

77 

190.59 

4.19 

0.27 

0.03 

1980  to  1982 

109 

194.88 

3.59 

0.26 

0.02 

1982  to  1984 

59 

182.05 

4.92 

0.12 

0.02 

n  is  the  sample  size.  SE  is  the  standard  error  of  the  corresponding  param- 
eter. 


16  y  after  tagging  was  returned  from  a  processing  plant  (Taniguchi 
and  Haaker  1996).  The  abalone  had  grown  from  147  mm  in  1979 
to  198  mm  in  1995.  A  disadvantage  of  this  type  and  size  of  tag  is 
its  unsuitability  for  abalone  smaller  than  about  50  mm.  Tags  with 
imprinted  vinyl  tubing  over  a  fine  stainless  steel  wire  and  glued-on 
tags  could  be  used  to  tag  small  abalone.  but  these  are  unlikely  to 
be  as  durable  as  the  washer  tags  that  we  used. 

The  von  Bertalanffy  curve  is  useful  in  describing  abalone 
growth  (Sainsbury  1982).  The  growth  curves  (Fig.  3)  were  based 
on  a  large  number  of  tagged  abalone  with  a  broad  range  of  sizes, 
which  were  measured  at  yearly  intervals  at  a  single  location.  These 
curves  model  growth  within  the  observed  size  range  of  abalone. 
However,  extrapolating  these  curves  back  toward  the  origin  is 
questionable,  because  juvenile  abalone  may  grow  linearly 
(Yamaguchi  1975,  Prince  et  al.  1988).  Extrapolation  beyond  the 
observed  maximum  size  is  also  questionable,  because  we  need  to 
assume,  without  empirical  evidence,  that  the  abalone  will  continue 
to  grow  at  the  rate  as  defined  by  the  von  Bertalanffy  model.  Thus, 
care  should  be  exercised  in  interpreting  L,..  the  asymptotic  length 
parameter  (Knight  1967). 

Calculation  of  a  growth  curve  for  red  abalone  was  further  com- 
plicated by  inability  to  directly  establish  the  age  of  individuals  and 
the  limited  availability  and  practicality  of  tagging  abalone  below 
50  mm.  Additionally,  we  have  no  information  on  either  t„.  the  age 
at  size  0.  or  1^.  the  length  at  age  0.  at  Johnsons  Lee.  These  param- 
eters were  assumed  to  be  0  but  introduce  uncertainty  in  the  inter- 
pretation of  size  at  age. 

Leighton  (1968)  used  daily  measurements  to  estimate  annual 
red  abalone  growth  of  9.8-35.0  mm/y.  McBeth  (1972)  reported 
annual  increases  in  size  up  to  21  mm  for  5-6  mm  red  abalone. 
Tegner  and  Butler  (1985)  determined  growth  from  a  red  abalone 
seeding  experiment  in  1981  at  Abalone  Cove,  near  Los  Angeles. 
After  1  y.  abalone  planted  at  mean  sizes  of  71  and  45  mm  had 
mean  growth  of  30  and  31.5  mm.  respectively.  Mean  annual 
growth  of  hatchery-raised  red  abalone  is  reported  to  range  from 
20.1  to  22.4  mm  (Owen  et  al.  1984).  Mines  and  Pierce  (1982) 
found  that  red  abalone  were  capable  of  growing  50-100  mm/y  in 
the  field.  Most  of  these  estimates  fall  within  the  ranges  of  our 
growth  curves,  particularly  when  annual  variation  is  considered. 

Tegner  et  al.  ( 1992)  and  DeMarlini  (pers.  comm.)  reported  that 
growth  of  native  red  abalone  in  northern  California  (L^  =  192.4, 
K  =  0.217)  is  slower  than  in  southern  California,  yielding  an  age 
at  recreational  minimum  size  of  11.8  y.  Here,  in  our  study,  we 
found  that  the  time  to  recreational  size  ranged  from  5.6  to  11.3  y 
Table  3).  Because  red  abalone  are  adapted  to  cool  water,  slower 
growth  would  be  expected  in  northern  California,  where  minimum 
thermal  tolerance  may  be  approached  and  seasonal  food  availabil- 
ity varies  more  than  in  southern  California.  Growth  varied  during 
the  study  in  both  the  1-  and  2-y  increment  growth  curves  (Figs.  3 
and  4).  the  first  period  yielding  the  greatest  growth.  Whether  this 
difference  was  due  to  natural  variability  in  growth  or  attributed  to 
diet,  sea  temperature,  location,  or  seasonal  factors  was  not  inves- 
tigated here. 

A  significant  difference  in  growth  was  found  between  the  bi- 
ennial growth  curve  covering  the  1982  to  1984  El  Nino  period  and 
the  other  three  biennial  periods  in  the  study  (Fig.  4).  Growth  dur- 
ing 1982  to  1984  was  reduced  to  such  a  level  that  most  abalone 
would  not  attain  sport  legal  size  at  that  rate.  During  1982  to  1984, 
a  severe  El  Nino  brought  abnormally  warm  seawater  temperatures 
and  severe  weather  to  southern  California  (Tegner  and  Dayton 
1987).  Mean  sea  surface  water  temperatures  exceeded  20°C  for 
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TABLE  6. 
Kimura's  likelihood  ratio  test  for  H„:  both  L,  and  K  are  equal  in  periods  compared. 


Periods  Compared 

n 

RSS(fulll 

RSS(red) 

Test  Statistic 

df 

p  Value 

7880  vs.  7981  vs.  8082  vs.  8284 

298 

29035 

36524 

68.4 

6 

U.dOUO 

7880  vs.  8284 

112 

13806 

21086 

47.4 

2 

0.(1000 

7981  vs.  8284 

136 

8533 

1 1 379 

39.1 

2 

0.0000 

8082  vs.  8284 

168 

9860 

13745 

55.8 

2 

0.0000 

n  is  the  sample  size.  RSS(fulI)  and  RSS(red)  are  the  residual  sum-of-squares  for  the  full  parameters  and  null  hypothesis  models,  respectively,  df.  degrees 
of  freedom  for  the  test  statistic. 


93.8  days  compared  with  57.6  days  in  the  prior  5  y  and  50.8  in  the 
subsequent  5-y  period  (Scripps  Institution  of  Oceanography  pier 
temperature  data)  (Fig.  5).  Elevated  seawater  temperatures  can 
affect  an  abalone  population  and  its  distribution  in  several  ways. 
Red  abalone  distribution  in  southern  California  is  positively  influ- 
enced by  the  occurrence  of  cool  seawater  temperature,  i.e.,  up- 
welling  areas  or  those  influenced  by  northern  cuiTcnts  (Tegner  et 
al.  1992).  Leighton  (1974)  demonstrated  a  strong  influence  of 
temperature  on  larval  and  juvenile  red  abalone,  which  grew  best  at 
temperatures  below  20°C.  Growth  variations  were  related  to  food 
availability  in  red  abalone  on  the  northern  California  coast  (John 
DeMartini.  Humboldt  State  University,  pers.  comm.,  Tegner  et  al. 
1992).  In  southern  California,  red  abalone  feed  primarily  on  giant 
kelp,  which  can  be  reduced  in  quantity  and  in  nutrient  quality 
during  El  Niino  periods  (Tegner  et  al.  1987).  Strong  or  prolonged 
storm  periods  associated  with  El  Nino  can  also  physically  remove 
kelp  beds  for  e.xtended  periods.  Giorgi  and  DeMartini  (1977)  and 
Ault  (1985)  related  successful  sexual  maturity  of  northern  Cali- 
fornia red  abalone  to  food  availability. 

We  cannot  directly  attribute  the  observed  decline  in  growth  to 
increased  seawater  temperature  or  reduced  food  availability,  or 
both  together.  Both  factors  are  known  to  affect  reproduction  in  red 
abalone  (Giorgi  and  DeMartini  1977)  in  northern  California.  It 
would  not  be  unexpected  to  find  decreased  growth  rates  in  red 
abalone  populations  during  episodes  of  El  Nino-related  elevated 
seawater  temperatures  that  approach  the  upper  physiological  tem- 
perature range  or  during  periods  of  El  Nino-related  low  food  avail- 
ability. If  growth  rates  are  depressed,  it  is  likely  that  spawning 


success  would  also  be  affected,  because  any  spawning  would  occur 
at  a  time  of  unsuitable  conditions  for  larval  and  juvenile  growth. 
These  factors  need  to  be  studied  further,  especially  in  locations  at 
the  extremes  of  the  range  of  red  abalone.  The  role  of  such  factors 
which  can  affect  stock  producti\'ity  need  to  be  considered  in  the 
management  of  red  abalone. 
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Figure  4.  von  BcrtalanlTy  biennial  ^roMlh  curves  for  H.  rufescens  at 
Johnsons  Lee,  Santa  Rosa  Island,  for  the  years  1978  (i.e.,  78  on  figure) 
to  1983  (83). 
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Figure  5.  Number  of  days  that  mean  sea  surface  temperature  equaled 
or  exceeded  20  C  at  Scripps  Institution  of  Oceanography  pier,  from 
1975  to  199(1.  Inverted  triangles  indicate  sampling  periods  at  Johnsons 
Lee. 
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ABSTRACT  The  middle  parts  of  the  radula  ribbon  of  10  mature  snails  of  Haliotis  asinina  and  Haliotis  ovina  were  studied  by 
scannmg  electron  microscopy.  In  each  transverse  row.  the  numbers  of  the  central  and  lateral  teeth  of  H.  asinina  and  H.  ovina  are  1  and 
10,  respectively.  The  number  of  the  marginal  teeth  of  H.  asinina  and  H.  ovina  ranges  from  108  to  128  and  214  to  236.  respectively. 
The  central  and  lateral  teeth  of  Haliotis  spp.  are  unicuspid.  The  marginal  teeth  of  Haliotis  spp.  are  multicuspid.  In  H.  asinina.  the 
anterior  cusps  are  broad,  short,  and  blunt  ended  in  the  central  and  tlrst  lateral  teeth;  long,  narrow,  and  tapered  in  the  second  lateral  tooth; 
spade  shaped  in  the  third  to  fifth  lateral  teeth:  and  with  one  large  central  and  several  lateral  denticles  on  the  marginal  teeth.  The  radula 
morphologies  of  W.  asinina  and  H.  ovina  are  basically  the  same,  with  the  differences  m  the  middle  part  of  the  base  of  the  central  tooth, 
the  size  of  the  central  tooth,  the  shape  of  the  first  and  second  lateral  teeth,  and  the  shape  of  the  lateral  denticles  of  the  marginal  teeth. 

KEY  WORDS:     SEM.  radula.  abalone.  Haliotis  asinina.  Haliotis  ovina.  Thailand 


INTRODUCTION 

Three  species  of  abalone  are  found  in  Thailand;  Haliotis  as- 
inina Linnaeus.  1758.  Haliotis  ovi/ia  Gmelin.  1791.  and  Haliotis 
varia  Linnaeus,  1758  (Nateewathana  and  Hylleberge  1986,  Natee- 
wathana  and  Bussawarit  1988,  Tantanasiriwong  1978).  The  aver- 
age shell  length  and  width  in  centimeters  is  8  and  4  in  H.  asinina. 
5  and  4  in  H.  ovina.  and  4  and  3  in  H.  varia.  H.  asinina  and  H. 
ovina  are  cocktail-sized  abalone  and  are  potential  commercial  spe- 
cies. The  prices  as  well  as  their  market  demand  are  high. 

There  have  been  several  reports  on  the  radulae  of  abalone. 
notably  those  on  Haliotis  tiiherciilata  Linnaeus.  1758  (Crofts 
1929).  Haliotis  riifescens  Swainson.  1822  (Hickman  1984),  Hali- 
otis rugosa  Lamarck,  1822  (Herbert  1990),  and  Haliotis  iinilat- 
eralis  Lamarck.  1822  (Geiger  1996).  In  H.  tiiberciilata.  each  trans- 
verse row  of  radula  is  characterized  by  a  large  central  tooth, 
whereas  the  lateral  ones  are  in  three  distinct  series  (Crofts  1929). 
The  marginal  teeth  are  too  numerous  to  count;  hence,  the  radula 
formula  is  -^  ■  (3  +  2)  ■  1  •  (2  +  3)  •  ^  (Croft  1929).  Herbert  ( 1990) 
described  the  radula  formula  H.  riigosa  to  be  ^  -I-  5  4-  1  -I-  5  +  '-^. 
The  radula  ribbon  contains  a  rachidian  tooth,  lateral  teeth  with  one 
innermost  lateral,  one  second  lateral  and  three  outer  laterals,  and 
numerous  marginal  teeth  (Herbert  1990).  To  date  there  has  been  no 
published  work  on  the  radula  of  the  Thai  abalone.  Hence,  the 
objective  of  this  study  is  to  perform  a  comparative  study  on  the 
radulae  of  two  potential  commercial  species  of  Thai  abalone — H. 
asinina  Linnaeus.  1758  and  H.  ovina  Ginelin.  1791 — using  scan- 
ning electron  microscopy  (SEM). 

MATERIALS  AND  METHODS 

H.  asinina  and  H.  ovina  were  obtained  form  Praw  Bay,  Rayong 
Province,  and  from  the  Coastal  Aquaculture  Development  Center, 
Prachuap  Khiri  Khan  Province.  Ten  mature  snails  of  each  species 
were  collected.  The  average  shell  length  and  width  of  inature  snails 
in  these  samples  were  66.6  and  31.6  mm  for  H.  asinina  and  56.4 
and  43.1  mm  for  H.  ovina.  respectively.  Each  specimen  was  an- 


esthesized  with  5%  MgCU  and  three  to  four  menthol  crystals  for 
3—4  hours  in  a  small,  round  plastic  bowl  (12  cm  in  diameter  and 
6.5  cm  in  height),  covered  with  a  piece  of  glass.  The  entire  buccal 
inass  of  the  well-relaxed  snail  was  extracted  and  submerged  in 
boiling  10%  sodium  hydroxide  for  20-25  min  to  dissolve  the  tissue 
surrounding  the  radula  before  being  washed  three  times  in  distilled 
water.  The  entire  radula  was  mounted  on  a  SEM  stub  with  double- 
stick  tape.  The  SEM  stub  was  placed  in  a  dessicator  for  7-10  days 
and  then  coated  with  platinum  and  palladium  for  3  min  two  times. 
Specimens  were  examined  with  the  secondary  electron  detector 
and  15-KV  accelerating  voltage  (S-2500  Hitachi).  For  each  speci- 
men, the  central,  lateral,  and  marginal  teeth  of  15  transverse  rows 
in  the  middle  part  of  the  radula  ribbon  were  examined. 


RESULTS 


Radula  of  H.  asinina 


The  radula  of  H.  asinina  is  a  very  long  and  ribbon-like  struc- 
ture. It  normally  extends  from  the  anterior  end  of  the  buccal  mass 
through  about  one-third  of  the  upper  esophagus.  Each  transverse 
row  of  the  radula  ribbon  has  a  central  tooth  in  the  middle.  The 
lateral  and  marginal  teeth  lie.  respectively,  on  both  sides  of  the 
central  tooth  (Fig.  lA).  The  central  and  lateral  teeth  are  unicuspid, 
and  the  marginal  teeth  are  multicuspid.  All  types  of  teeth  lack  basal 
denticles. 

The  number  of  teeth  in  each  transverse  row  of  aduh  H.  asinina 
(average  shell  length  and  width  of  66.6  and  31.6  mm.,  respec- 
tively) ranges  from  1 19  to  139.  The  average  widths  of  the  cuspid 
and  the  base  of  the  central  tooth  are  approximately  196.2  and  288.5 
|xm.  respectively.  The  unicuspid  central  tooth  is  large,  broad,  short, 
and  blunt  at  the  cutting  edge.  The  base  of  the  central  tooth  is 
strongly  curved  in  the  middle,  containing  thick  and  long  pointed 
ridges  at  the  lateral  angles,  creating  a  vertical  groove,  and  is  less 
than  twice  as  wide  as  the  base  of  the  anterior  cuspid  (Fig.  2A  and 
B).  The  first  lateral  tooth  is  moderately  long  and  slender  (its  av- 
erage width  is  201.6  jxm)  (Fig.  2A  and  C).  The  anterior  cuspid  is 
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Figure  1.  Scanning  electron  micrographs  of  the  radula  of  H.  asinina  (A)  and  H.  miiia  (B)  showing  the  teeth  of  15  transverse  rows.  Each 
transverse  row  is  bilaterally  symmetrical,  with  a  central  tooth  in  the  middle.  The  lateral  teeth  lie  next  to  and  on  both  sides  of  a  central  tooth. 
The  inner  marginal  teeth  are  spadeshaped  and  lie  next  to  the  left  and  right  lateral  teeth.  The  outer  marginal  teeth  are  the  outermost  teeth  on 
the  transverse  row  of  the  radula.  The  sides  of  the  outer  marginal  teeth  are  comb-like.  The  radula  of  H.  oviiia  has  the  same  arrangement  of  types 
of  teeth  in  a  transverse  row. 


broad,  blunt,  and  short.  The  width  of  the  base  of  the  first  lateral 
tooth  is  about  the  same  as  that  of  the  anterior  cuspid.  In  addition, 
it  has  thickened  ridges  with  long  pointed  ends  at  the  lateral  angles, 
like  the  base  of  the  central  tooth.  The  second  lateral  tooth  is 
equipped  with  a  distinct  shaft.  The  cuspid  is  long  and  narrow  with 
a  relatively  rounded  cutting  edge  (Fig.  2A  and  C).  The  third  to  fifth 
lateral  teeth  are  similar  in  shape  (Fig.  2E).  They  are  broad  and 
spadeshaped.  with  sharply  pointed  cutting  edges,  decreasing  in 
size  from  the  third  to  fifth  (Fig.  2E).  The  marginal  teeth  are  long 
and  slender  with  moderately  round  cutting  edges.  They  are  mul- 
ticuspid with  several  small  denticles  on  each  side  (Fig.  2F).  These 
denticles  are  triangular  with  sharply  pointed  ends.  The  base  of  the 
marginal  tooth  is  very  long  and  slender  and  has  a  stalk-like  ap- 
pearance (Fig.  2F). 

Radula  of  H.  ovina 

The  radula  of  H.  ovina  is  similar  to  that  of  H.  asinina.  The 
number  of  teeth  in  each  transverse  row  of  adult  H.  ovina  (average 
shell  length  and  width  of  56.4  and  4.^.1  mm.  respectively)  ranges 
from  225  to  247.  The  average  widths  of  the  cuspid  and  the  base  of 
the  central  tooth  are  approximately  150  and  225  |xm,  respectively. 
The  central  tooth  is  similar  to  that  of  H.  asinina  but  is  generally 
more  narrow.  The  middle  pail  of  the  base  of  the  central  tooth  has 
a  knob-like  appearance  (Fig.  .^A  and  B).  The  lateral  teeth  of  H. 
ovina  are  similar  to  those  of  H.  asinina.  However,  the  shape  of  the 
first  lateral  tooth  of  H.  ovina  is  more  broad  and  short  (with  an 
average  width  of  290.9  |j.m)  than  in  H.  asinina  (Figs.  2C  and  3B). 
The  cutting  edge  of  the  second  lateral  tooth  of  H.  ovina  is  more 
pointed  than  that  of  H.  asinina  (Figs.  2C  and  .^C).  The  shapes  of 
the  third  to  fifth  lateral  teeth  and  the  marginal  teeth  of  H.  ovina  are 
the  same  as  those  of  H.  asinina  (Figs.  2D-F  and  3D-F).  The 
number  of  the  third  to  the  fifth  lateral  and  the  marginal  teeth  on 
each  side  of  the  central  tooth  are  .3  and  approximately  109,  respec- 
tively. The  lateral  denticles  of  the  marginal  teeth  are  relatively 
long,  narrow,  and  triangular,  with  sharply  pointed  ends  (Fig.  3F|. 

Differences  of  radulae  o/H.  asinina  and  H.  ovina 

Differences  in  the  radular  teeth  of  H.  asinina  and  H.  ovina  are; 
( 1 )  the  number  of  the  outer  marginal  teeth  in  each  transverse  row 


ranges  from  108  to  128  in  H.  asinina  and  214  to  236  in  H.  ovina: 
(2)  the  size  of  the  central  tooth  is  relatively  large  in  H.  asinina  and 
is  relatively  small  in  H.  ovina:  (3)  the  base  of  the  central  tooth  is 
strongly  curved  in  H.  asinina  (Fig.  2A  and  B)  and  has  a  knob-like 
appearance  in  H.  ovina  (Fig.  3A  and  B);  (4)  the  shape  of  the  first 
lateral  tooth  is  rather  long  and  slender  in  H.  asinina  (Fig.  2C)  and 
is  broad  and  blunt  in  H.  ovina  (Fig.  3A  and  B);  (5)  the  cutting  edge 
of  the  second  lateral  tooth  is  tapered  in  H.  asinina  (Figs.  2A  and  C) 
and  is  strongly  pointed  in  H.  ovina  (Fig.  3C);  and  (6)  the  shape  of 
the  lateral  denticles  of  the  outer  marginal  teeth  is  triangular  and 
moderately  long  in  H.  asinina  (Fig.  2F)  and  is  triangular,  but  very 
long  and  nanow  in  H.  ovina  (Fig.  3F). 

DISCUSSION 

Information  on  the  radular  structure  along  with  shell  morphol- 
ogy is  suitable  to  distinguish  H.  asinina  from  H.  ovina.  The  radular 
structure  may  provide  functional  information  related  to  the  feeding 
habits  and  appropriate  food  types  of  H.  asinina  and  H.  ovina. 

The  structure  of  the  radula  has  received  much  attention  in  the 
taxonomy  of  various  groups  of  marine  archaeogastropods  (Thiele 
1929,  Wenz  1938-44.  Fretter  and  Graham  1962,  Burch  1982).  The 
number  of  teeth,  the  number  of  cuspids  on  each  type  of  tooth,  and 
the  shapes  of  these  structures  were  observed  in  this  study.  Radular 
dentition  patterns  may  provide  useful  information,  especially  if 
observations  on  the  teeth  are  standardized.  We  chose  to  study  the 
middle  part  of  the  radular  ribbon  because  it  is  easy  to  locate,  the 
teeth  are  fully  formed,  and  they  are  not  badly  worn.  The  anterior 
radula  is  unsuitable  because  its  teeth  are  worn.  Haliotis  have  a 
rhipidoglossan  type  of  radula  (Crofts  1929,  Fretter  and  Graham 
1962,  Burch  1982.  Hickman  1984,  Herbert  1990,  Geiger  1996). 
Similar  to  other  species  of  abalone,  H.  asinina  and  H.  ovina  have 
a  typical  rhipidoglossan  type  of  radulae.  Hickman  ( 1984)  studying 
H.  mfesccns.  considered  the  three  large  teeth  on  either  side  of 
the  central  tooth  to  be  modified  marginals.  In  agreement  with 
many  other  authors  (Crofts  1929,  Thiele  1929,  Herbert  1990. 
Geiger  1996),  we  believe  the  laterals  to  be  distinct  from  the  mar- 
ginals, common  to  the  Vetigastropoda.  In  the  middle  part  of  the 
radular  ribbon  in  H.  asinina  and  H.  ovina.  each  transverse  row 
contains  a  central  tooth  and  five  lateral  teeth.  As  stated  above,  the 
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Figure  2.  Higher  magnifications  ot  radular  teeth  of//,  asinina.  (A)  Central  (C),  first  lateral  (ILl,  and  second  lateral  {2L)  teeth;  (B)  central  tooth 
(C);  (C)  first  lateral  (IL)  and  second  lateral  (2L)  teeth:  (D)  third  lateral  (3L).  fourth  lateral  (4L),  fifth  lateral  (5Ll,  and  marginal  (M)  teeth:  (E) 
third  lateral  (3L),  fourth  lateral  (4L).  and  fifth  lateral  (5L)  teeth;  (F)  marginal  teeth  (M). 


number  of  marginal  teeth  in  H.  asinina  ranges  from  108  to  128. 
whereas  that  for  H.  ovina  ranges  from  214  to  236.  Crofts  (1929) 
and  Herbert  (1990)  also  reported  numerous  marginal  teeth  in  H. 
tuberciilata  and  H.  rugosa,  respectively. 

In  general,  it  appears  that  the  morphologies  of  radular  teeth  in 
haliotids  are  relatively  similar  with  some  minor  differences  in 
different  species.  The  central  or  rachidian  tooth  was  reported  to  be 
unicuspid  in  H.  tuberciilata  (Crofts  1929).  H.  nifescens  (Hickman 
1984).  H.  rugosa  (Herbert  1990).  and  H.  unilateralis  (Geiger 
1996).  H.  asinina  and  H.  ovina  also  have  a  unicuspid  central  tooth. 
Detailed  study  of  the  base  of  the  central  tooth  revealed  that  H. 
asinina  and  H.  ovina  both  contain  a  vertical  groove  similar  to  that 
found  in  the  central  teeth  of  H.  unilateralis  (Geiger  1996).  The 
middle  part  of  the  base  of  the  central  tooth  is  strongly  curved  in  H. 
asinina  and  has  a  knob-like  appearance  in  H.  ovina. 

There  are  certain  similarities  in  the  morphology  of  lateral  teeth 
among  various  species  of  Haliotis  (Hickman  1984,  Herbert  1990. 


Geiger  1996).  Among  the  five  laterals,  the  innermost  or  first  and 
the  second  laterals  are  different  in  shape,  whereas  the  third  to  the 
fifth  laterals  are  similar  in  shape.  In  H.  rugosa  and  H.  unilateralis, 
the  first  lateral  is  broad  and  blunt  (Herbert  1990.  Geiger  1996). 
Geiger  (1996)  reported  that  it  had  a  cutting  edge  with  a  distinct 
ridge.  In  H.  asinina  and  H.  ovina.  the  first  lateral  is  also  broad  and 
blunt  with  a  distinct  ridge  on  the  cutting  edge.  Similar  to  the 
second  lateral  of  H.  rugosa  (Herbert  1990).  H.  asinina  possesses  a 
second  lateral  with  a  distinct  shaft  and  relatively  rounded  cutting 
edge,  whereas  that  of  H.  ovina  has  a  very  pointed  cutting  edge.  The 
third  to  the  fifth  laterals  are  relatively  similar  in  shape  in  H.  nife- 
scens (Hickman  1984).  H.  rugosa  (Herbert  1990),  H.  unilateralis 
(Geiger  1996).  H.  asinina.  and  H.  ovina.  They  are  spadeshaped  and 
similar  to  each  other  but  decreasing  in  size  from  third  to  fifth. 

In  H.  unilateralis.  Geiger  ( 1996)  divided  the  marginal  teeth  into 
inner,  middle,  and  outermost  marginals.  We  could  not  distinguish 
these  subdivisions  in  the  marginal  teeth  in  H.  asinina  and  H.  ovina. 


758 


Chitramvong  et  al. 


Figure  3.  Higher  magnifications  i>r  riidiihir  leelli  itf  H.  oviini.  (Al  Central  (C).  first  lateral  (IL).  ;iiul  stiiind  lateral  (2L)  teeth;  (Bl  central  (Cl  and 
first  lateral  (ID  teeth;  (C)  first  lateral  (II.)  and  second  lateral  (2L)  teeth;  (D)  third  lateral  (3L|.  fourth  lateral  (4L).  fifth  lateral  (5L).  and 
marginal  (M)  teeth;  (K)  third  lateral  (3Ll,  fourth  lateral  (4L),  and  fifth  lateral  (5L)  teeth;  (F)  marginal  teeth  (M). 


However,  similar  to  the  marginals  of  H.  lufcscens  (Hickman 
1984).  H.  mgosa  (Herbert  1990).  and  H.  iiiiilareralis  (Geiger 
1996).  those  of  H.  asinina  and  H.  avina  are  slender  in  shape  with 
I'ounded  cutting  edges  and  denticulated  with  several  small  projec- 
tions on  the  sides. 

Some  differences  in  the  radular  structures  and  the  number  of 
teeth  in  each  transverse  row  may  indicate  the  capacity  of  radula  for 
collecting  and  grinding  up  food.  Matthews  and  Cook  (1995)  re- 
ported that  abalone  postlarvae  (Haliotis  midae  Linnaeus.  1758) 
preferred  to  graze  on  prostrate  diatoms.  Fallu  (1991)  stated  that 
young  abalone  use  their  radulae  to  graze  on  microalgae  and  rupture 
their  frustules  and  cell  walls,  whereas  adult  abalone  use  the  ladula 


to  shave  off  pieces  of  macioalgae.  Crofts  (1929)  suggested  that 
abalone  use  their  radulae  with  strong  lateral  teeth  for  rasping, 
whereas  the  numerous  marginal  teeth  with  serrated  edges  probably 
serve  as  cogs  to  help  food  fragments  move  along  the  buccal  cavity. 
In  addition,  they  act  as  combs,  working  with  the  jaws  to  prevent 
the  entrance  of  huge  fragments  (Crofts  1929). 
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ABSTRACT  Karyotypes  of  gastropods  in  the  family  Haliotidae  found  in  Thai  waters.  Haliotis  asinina,  Haliotis  ovina.  and  Haliotis 
varia.  were  studied.  Diploid  chromosome  numbers  of  these  three  abalone  species  were  the  same.  32.  Two  types  of  chromosomes  (i.e.. 
metacentric  and  submetacentric)  were  found  in  H.  asinina  and  H.  varia,  and  in  H.  ovina.  additional  telocentric  chromosomes  were 
found.  The  numbers  of  metacentric  and  submetacentric  chromosomes  were  20  and  12  for  H.  asinina  and  were  both  16  for  H.  varia. 
The  number  of  metacentric,  submetacentric,  and  telocentric  chromosomes  for  H.  ovina  were  18.  12.  and  2.  respectively.  On  the  basis 
of  the  observed  karyotypes,  it  is  clear  that  H.  ovina  can  be  differentiated  from  H.  asinina  and  H.  varia.  Because  of  the  inconsistency 
of  differentiation  between  metacentric  and  submetacentric  chromosomes,  further  studies  with  other  techniques  such  as  fluorescence 
staining  are  required  for  species  differentiation  between  H.  asinina  and  H.  varia. 

KEY  WORDS:     chromosome  number,  karyotype,  tropical  abalone.  H.  asinina.  H.  ovina.  H.  varia 


INTRODUCTION 


MATERIALS  AND  METHODS 


Abalone  are  economically  important  marine  gastropods  that 
fetch  moderate  to  high  prices  in  the  world  market.  In  Thailand, 
it  was  reported  that  there  were  three  species  of  abalone.  i.e.. 
Haliotis  asinina  Linnaeus.  1758,  Haliotis  ovina  Gmelin.  1791. 
and  Haliotis  varia  Linnaeus,  1758.  Jarayabhand  and  Paphavasit 
(19961  reviewed  the  present  status  and  the  potential  of  commer- 
cial abalone  aquaculture  in  Thailand.  They  pointed  out  advantages 
and  disadvantages  of  culturing  these  species  as  compared  with 
other  commercial  abalone  species  elsewhere.  This  article  demon- 
strated a  very  high  potential  for  commercial  production  of  these 
tropical  abalone  species.  Furthermore,  many  studies  have  been 
conducted  to  improve  aquaculture  technology  (Jarayabhand  and 
Paphavasit  1996).  Although  there  is  no  commercial  production  for 
these  marine  organisms  at  present,  it  is  expected  to  be  achieved 
soon. 

In  addition  to  importance  in  taxonomic  work,  karyological 
analyses  are  also  useful  tools  in  providing  fundamental  infor- 
mation for  animal  breeding  programs  such  as  interspecific  hybrid- 
ization (Miyaki  et  al.  1997)  and  chromosome  manipulation.  Geiger 
(in  press)  reviewed  studies  on  chromosome  numbers  for  abalone 
all  over  the  world  and  found  that  they  can  be  divided  on  the 
basis  of  chromosome  numbers  into  three  groups.  The  first  group, 
which  has  diploid  chromosome  numbers  equal  to  28.  inhabits 
the  European-Mediterranean  area.  The  second  group,  which  has 
diploid  chromosome  numbers  equal  to  36.  inhabits  the  North 
Pacific  region.  The  third  group  has  diploid  chromosome  numbers 
equal  to  32.  This  group  is  represented  by  abalone  that  inhabit 
the  Indo-Pacific  region  (Table  1).  This  result  suggests  a  remark- 
able phylogenic  divergence  of  this  character  within  the  family 
Haliotidae.  The  aims  of  this  article  are  to  determine  chromo- 
some numbers  and  karyotypes  of  tropical  abalone  species  found 
in  Thai  waters  (Indopacific  region)  and  to  compare  their  karyo- 
types. 


Collection  of  Specimens 

H.  ovina  samples  were  collected  by  SCUBA  diving  from  is- 
lands in  the  upper  Gulf  of  Thailand,  whereas  H.  asinina  and  H. 
varia  were  collected  from  the  East  Coast  of  the  Gulf  of  Thailand 
and  from  the  Andaman  Sea,  respectively.  These  animals  were  kept 
alive  at  Angsila  Marine  Biological  Research  Station  until  used  for 
chromosome  preparations. 

Chromosome  Preparation 

Live  abalones  were  immersed  individually  in  0.04-0.05'7f  col- 
chicine seawater  for  6-9  h.  Animals  were  then  rinsed  thoroughly 
with  clean  seawater.  and  gill  parts  were  cut  out  and  put  in  0.075% 
KCl  for  40-60  min  at  room  temperature.  The  gill  parts  were  dried 
with  tissue  and  transferred  into  freshly  prepared  camoy's  solution 
(glacial  acetic  acid:absolute  methanol  =  3:1  by  volume)  kept  at 
2— 4°C.  The  solution  was  changed  three  to  four  times  every  15  min 
and  then  kept  at  4°C  until  time  for  chromosome  preparation. 

About  1  mm~  of  gill  tissues  was  cut  and  put  in  0.25  mL  of  60% 
acetic  acid.  The  tissue  was  then  carefully  ground  with  a  glass  rod. 
The  solutions  were  added  up  to  2  mL  with  60%  acetic  acid  and  left 
for  5-10  min.  A  fine-tipped  glass  dropper  was  used  to  take  only  the 
top  layer  of  the  solution  consisting  of  cells  in  suspension.  The 
solution  was  then  dropped  from  30-100  cm  height  onto  clean  glass 
slides  preheated  at  40— 45°C.  The  slides  were  air  dried  and  stained 
in  10%  Giemsa  in  pH  6.8  phosphate  buffer  for  20-30  min.  The 
slides  were  then  rinsed  with  distilled  water,  dried  at  room  tem- 
perature, and  kept  for  further  analysis. 

Karyological  Study 

The  slides  were  observed  under  a  light  microscope  at  400  and 
I.OOOx  magnification.  Diploid  chromosome  numbers  were  re- 
corded, and  at  least  three  slides  of  each  abalone  species  were 
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TABLE  1. 
Haploid  and  diploid  chromosome  number  of  abalone  from  various  geographical  areas  (Geiger  and  Groves,  unpubl.l,  including  this  study. 


Taxon 

Geographic 

{Haliotis) 

Haploid  No. 

Diploid  No. 

Occurrence* 

Reference 

H.  Uibercidata 

14 

28 

EM 

Colombera  and  Tagliaferri  1983 

H.  niberculata 

28 

EM 

Arai  and  Wilkins  1986 

H.  lameliosa 

14 

EM 

Colombera  and  Tagliaferri  1983 

H.  diYcrsicolor 

Nakamura  1985.  Nakamura 

aquatilis 

16 

32 

IP 

1986 

H.  aqiiiiliUs 

17 

34 

IP 

Nishikawa  1962.  in  Nakamura  1985 

H.  diversicolor 

32 

IP 

Arai  et  al.  1988 

H.  exigua 

32 

SJ 

Aria  et  al.  1988 

H.  planata 

32 

IP 

Arai  et  al.  1988 

H.  varia 

16 

32 

IP 

Nakamura  1986.  this  study 

H.  asinina 

32 

IP 

This  study 

H.  oriiui 

32 

IP 

This  study 

H.  cracheroJii 

36 

NP 

Minkler  1977 

H.  discus  discus 

36 

NP 

Arai  et  al.  1982 

H.  discus  luinitai 

36 

NP 

Arai  et  al.  1982 

H.  imidaka 

36 

NP 

Nakamura  1986 

EM.  European-Mediterranean;  IP,  Indo-Pacific;  SJ.  South  Japan;  NP.  North  Pacific. 


1 

^^^IK'''             ''J^^^^^^^^^^l 

^;^t^-^ 

'*^U^'-:- 

Figure  I.  Morphology  and  mitolic  metaphase  chromosomes  of  (a)  H.  asinina,  (b)  H.  ovina,  and  tc)  H.  varia. 
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selected  and  used  lur  iLirlher  karyological  analyses.  Pliotogiaplis  oi 
clear  mitotic  metaplnase  chromosomes  were  analyzed  with  an  im- 
age analysis  program.  Image  Pro-Plus  Version  1.0  (Media  Cyber- 
netics Inc..  1994).  and  centomeric  indices  (Sungpetch  1993)  were 
calculated. 

RESULTS 

Morphology  and  mitotic  metaphase  chromosomes  of  H.  ax- 
inina,  H.  ovina,  and  H.  varia  are  shown  in  Figure  I .  The  diploid 
chromosome  numbers  of  all  three  abalone  species  are  32  (Table  1 ). 
The  karyotype  of  H.  asinina  comprises  ten  pairs  of  metacentric 
chromosomes  and  six  pairs  of  submetacentric  chromosomes  (Fig. 
2a).  Three  types  of  metacentric  chromosomes  were  found  in  H. 
ovina:  nine  pairs  of  metacentric  chromosomes,  six  pairs  of  sub- 
metacentric chromosomes,  and  one  pair  of  telocentric  chromo- 
somes (Fig.  2b).  The  karyotype  of  H.  varia  comprises  eight  pairs 
of  both  metacentric  chromosomes  and  submetacentric  chromo- 
somes (Fig.  2c). 

DISCUSSION 

Chromosome  Sumher 

The  diploid  chromosome  number  of  32  for  H.  varia  (Nakamura 
1986;  Arai  et  al.  1988)  is  confirmed  in  this  study  (Table  I).  Ad- 
ditionally, we  demonstrate  that  the  diploid  chromosoiTie  numbers 
for  H.  asinina  and  H.  ovina  are  the  same  at  32.  This  finding 
supports  the  indications  of  Arai  et  al.  (1988)  and  Geiger  and 
Groves  (unpubl.)  that  abalone  of  the  Indo-Pacific  region  have  32 
chromo.somes  compared  with  36  in  abalone  of  the  Pacific  region 
and  28  in  abalone  of  the  European-Mediterranean  region.  It  con- 


firms a  significant  phylogenic  divergence  of  this  character  within 
the  family  Haliotidae.  However,  explanations  for  such  variation 
are  still  sought. 

Karyotype 

Two  types  of  chromosomes  (i.e..  metacentric  and  submeta- 
centric) were  found  in  H.  asinina  and  H.  varia,  whereas  three  types 
of  chromosomes  (i.e..  metacentric,  submetacentric,  and  telocen- 
tric) were  found  in  H.  ovina.  This  suggests  that  H.  asinina  and  H. 
varia  are  more  closely  related  than  H.  ovina.  Arai  et  al.  (1988) 
reported  on  karyotypes  of  abalone  with  32  chromosomes;  Haliotis 
planata  Sowerby.  1882,  Haliotis  varia,  and  Haliotis  diversicolor 
diversicolor  Reeve  1846.  He  found  that  H.  diversicolor  diversi- 
color can  be  distinguished  from  the  other  two  species  by  their 
karyotypes. 

For  the  karyotype  of  H.  varia,  Arai  et  al.  (1988)  reported  nine 
pairs  of  metacentric  chromosomes,  six  pairs  of  submetacentric 
chromosomes,  and  one  pair  of  submetracentric/acrocentric  chro- 
mosomes. In  this  study.  H.  varia  has  eight  pairs  of  both  metacen- 
tric and  submetacentric  chromosomes.  The  different  chromosome 
numbers  obtained  in  these  two  studies  may  be  a  result  of  different 
times  and  temperatures  used  to  stop  metaphase. 

Application 

On  the  basis  of  the  obtained  karyotypes.  H.  ovina  can  be  sepa- 
rated from  H.  asinina  and  H.  varia.  It  is  also  suggested  that  a  closer 
systematic  relationship  exists  between  H.  asinina  and  H.  varia 
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Figure  2.  Karyotypes  of  (a)  H.  asinina,  (b)  H.  ovina,  and  (c)  H.  varia. 
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than  with  H.  ovina.  Because  of  the  inconsistency  in  differentiation 
between  metacentric  and  submetacentric  chromosomes,  further 
techniques  are  required,  such  as  fluorescence  staining,  etc.,  for 
species  differentiation  between  H.  asinina  and  H.  varia.  However, 
information  from  this  study  can  be  applied  to  monitoring  triploid 
induction  in  this  group  of  abalone  as  well  as  their  hybridization. 
Under  this  circumstance,  the  chromosome  preparation  technique 
described  by  Okumura  (1991)  should  be  tested  on  these  tropical 
abalone.  Okumura  (1991 )  used  only  epipodial  tentacles  for  colchi- 
cine treatment  during  chromosome  preparation.  In  this  way,  chro- 
mosome number  can  be  detected  without  injury  and  the  specimen 
can  be  kept  alive  for  further  investigation. 
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ABSTRACT  Samples  of  the  abalone  Haliotis  asiniini  were  collected  from  Samed  Island,  Raayong  Province.  Thailand,  by  SCUBA 
diving  every  3  mo  for  a  period  of  1  y  for  determination  of  gut  contents.  The  average  shell  length,  shell  width,  and  total  body  weight 
for  these  samples  were  68.3  ±  9.1  mm.  32.1  ±  3.5  mm,  and  48.2  ±  1 1.4  g,  respectively.  The  percentages  by  weight  of  visceral  mass, 
foot,  and  shell  were  23.8,  61.6,  and  14.5%.  respectively.  The  average  volume  of  microcoments  (<120  |j.m)  in  gut  contents  was  80.3%. 
and  that  of  macrocontents  (>120  jim)  was  19.7%.  Most  microorganisms  were  benthic  diatoms  (99.3%).  and  the  dominant  genera  were 
Nitzscliia.  Amplwra.  Cocconeis.  Navicula.  and  Diphmeis.  Macrocontents  consisted  mainly  of  sand  granules  and  foraminiferans. 
Therefore,  the  main  food  of  H.  asinina  along  Samed  Island  appears  to  be  composed  of  benthic  diatoms,  which  were  the  predominant 
floral  elements  in  the  local  environment. 

KEY  WORDS:     abalone.  Haliotis  asinina.  2ut  contents,  benthic  diatoms 


INTRODUCTION 

In  Thailand,  there  are  three  species  of  abalone.  Haliotis  asinina 
Linnaeus.  Haliotis  ovina  Gmelin.  and  Haliotis  varia  Linnaeus. 
They  all  inhabit  coral  reefs  in  the  depth  range  1-8  m  (Tantana- 
siriwong  1978,  Nateewathana  and  Hylleberge  1986.  Took\  inart  et 
al.  1986,  Nateewathana  and  Bussawaiit  1988.  Sungthong  et  al. 
1991  J.  Among  these  three  species.  H.  asinina  attains  the  largest 
size.  It  is  noted  for  its  high  percentage  of  edible  parts;  the  shell 
makes  up  only  about  I59c  of  the  total  body  weight.  It  is  commonly 
distributed  in  Thai  waters  and  has  been  the  subject  of  an  occasional 
fishery.  Breeding  of  H.  asinina  has  been  accomplished  in  the  labo- 
ratory (Singhagraiwan  and  Sasaki  1991.  Singhagraiwan  and  Doi 
19931.  H.  asinina  has  a  high  market  Nalue  and  is  the  inost  prom- 
ising species  of  abalone  for  culture  in  Thailand. 

H.  asinina  is  an  atypical  member  of  the  genus.  It  has  a  thin, 
long,  and  narrow  shell  (Hahn  1989).  In  its  normal  state,  the  epi- 
podium.  mantle,  and  foot  extend  well  beyond  the  shell  itself.  H. 
asinina  is  widely  distributed  in  the  southern  Pacific  Ocean  in  sub- 
tropical and  tropical  regions  at  relatively  shallow  depths.  For  ex- 
ample, they  are  found  in  Thailand.  Australia.  Japan,  and  the  Phil- 
ippines (Hahn  1989.  Nateewathana  and  H\lleberge  1986.  Tookvi- 
nart  et  al.  1986.  Nateewathana  and  Bussav\arit  1988.  Sungthong  et 
al.  1991).  During  the  day.  they  are  usually  found  clinging  to  the 
undersides  of  rocks  and  dead  plate  corals  or  within  crevices  of  the 
rocks  or  dead  head  corals.  They  are  noctumally  active,  as  are  most 
abalone  species,  and  usually  venture  out  of  hiding  to  feed  only 
after  dark  (Wood  and  Buxton  1 996 1. 

Among  the  diverse  and  abundant  groups  of  invertebrates  in 
coral  reef  faunas,  the  predatory  prosobranch  gastropods  are  espe- 
cially numerous  (Taylor  1986).  The  feeding  habits  of  many  species 
from  hard  substrate  habitats  of  coral  reefs  have  been  investigated 
in  detail;  this  is  especially  true  for  members  of  the  families 
Conidae  and  Muricidae  (Kohn  1959.  Kohn  1968.  Kohn  and  Ny- 
bakken  1975.  Leviten  1978.  Taylor  1978.  Taylor  1984).  H.  asinina 
also  occupies  hard  substrate  in  the  coral  reef  environment,  but  its 


feeding  habits  have  not  been  studied  extensively.  It  has  been  spec- 
ulated that  H.  asinina  fed  on  the  organisms  that  attached  on  hard 
substrate  such  as  rocks  or  dead  corals.  Typically,  feeding  in  aba- 
lone is  by  nonselective  browsing  or  selective  feeding  on  specific 
algae  (Leighton  and  Boolootian  1963). 

Abalone  are  herbivorous  gastropods  that  often  feed  by  trapping 
drift  seaweed  under  their  muscular  foot  (Wells  and  Keesing  1989, 
Fallu  1991.  LaTouche  et  al.  1993).  although  they  may  also  occa- 
sionally forage  or  graze  on  attached  plants  (Wood  and  Buxton 
1996).  In  temperate  or  subtropical  regions,  abalone  usually  feed  on 
seaweed  or  macroalgal  species  that  are  most  abundant  in  their 
habitats  (Linberg  1992.  Wood  and  Buxton  1996).  However.  H. 
asinina  are  inhabitants  of  coral  reef  environments,  where  there 
frequently  are  few  or  no  macro-algae  or  seaweeds.  This  study 
attempts  to  ascertain  the  constituents  of  the  diet  of  H.  asinina 
living  in  a  natural  habitat  lacking  significant  macroalgae  by  ex- 


MATERIALS  AND  METHODS 

Specimens  of  H.  asinina  were  collected  from  Ao  Thein.  Samed 
Island.  Rayong  Province.  Thailand  (Fig.  1)  by  SCLIBA  diving 
every  3  mo  throughout  a  period  of  1  y.  For  each  sampling.  15 
abalone  were  collected;  5  of  them  were  immediately  fixed  in  10% 
fomialin/seawater  and  brought  back  to  the  laboratory. 

The  total  body  weight,  shell  width,  and  shell  length  of  the 
abalone  were  measured  before  dissection.  Next,  the  viscera  were 
dissected  out.  Gut  contents  were  flushed  from  the  stomach  and 
intestine  into  a  5%  household  Clorox  solution.  The  extract  was 
then  poured  through  a  1 20-(j.m-pore-size  mesh  sieve  so  that  the 
mixture  could  be  divided  into  two  groups  containing  particles  ei- 
ther smaller  than  120  |xm  (microcoments)  or  larger  than  120  |jim 
(macrocontents).  Volumes  of  macrocontents  and  microcoments 
were  obtained  by  sedimentation  in  graduated  tubes.  The  organisms 
present  in  the  microcoments  were  identified  as  to  genus  or  species. 
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Figure  1.  The  sampling  area  for  H.  asinina  at  Ao  Thein,  Samed  Island,  Rayong  Province,  Thailand. 


Their  frequencies  of  occurrence  were  estimated  with  a  Sedgwick- 
Rafter  counting  chamber  under  the  compound  light  inicroscope. 
The  macrocontents  were  examined  and  sorted  by  group  or  species, 
and  total  counts  were  made  under  the  dissecting  microscope.  The 
volumes  of  sand  granules,  foraminiferans,  algal  pieces,  and  the 
remains  of  organisms  were  also  measured  by  sedimentation  in 
graduated  tubes. 

One-way  analysis  of  variance  was  used  to  test  the  differences  in 
average  size  of  abalone  and  the  relative  frequencies  of  microor- 
ganisms and  macroorganisms  among  each  sampling  period.  The 
significance  of  differences  between  sampling  periods  were  further 
determined  by  multiple  comparison  with  Duncan's  multiple  range 
test.  All  statistical  analyses  were  done  with  a  statistical  software 
(SPSS  for  Windows.  Version  6.0)  at  p  <  0.05. 

RESULTS 

Size  of  Samples 

The  average  sizes  (shell  length,  shell  width,  and  total  body 
weight)  of  W.  asinina  were  similar  in  each  period  of  sampling  with 


no  significant  differences  (p  <  O.O.'i).  Abalone  were  68.3  ±  9.1  mm 
in  shell  length.  32.1  ±  3.5  mm  in  shell  width,  and  48.2  ±  1 1.4  g  in 
total  body  weight  (Table  1 ).  Percentages  of  visceral  mass,  foot,  and 
shell  in  total  body  weight  were  23.8,  61 .6,  and  14.5%,  respectively 
(Table  1). 

Gut  Contents 

The  average  volumes  of  microcontents  and  macrocontents  for 
all  samples  throughout  the  year  were  80.3  and  19.7%  of  the  sedi- 
mented  gut  extract,  respectively.  The  macrocontent  portion  was 
largely  composed  of  sand  granules  (86.8%).  with  foraminiferans 
(5.6%).  algal  pieces  (4.6%).  and  other  organisms  (3.0%)  consti- 
tuting the  balance.  The  microorganisms  were  divided  into  eight 
groups:  benthic  diatoms  (99.3%).  crustaceans  (0.2%).  protozoa 
(0.2%).  eggs  of  unknown  organisms  (0.1%).  blue-green  algae 
(0.1%).  and  bivalves  (0.1%)  (Table  2).  Benthic  diatoms  were  the 
dominant  group  in  the  H.  asinina  gut  (Fig.  2),  represented  by  about 
36  genera  (Table  3).  The  principal  benthic  diatoms  were  species  of 
Nilzschia.  AnipliDra.  Naviciila.  Cocconeis.  Plai;iograninia.  Diplo- 
neis.  Fragilaria.  Coscinotlisciis.  and  Siirirella  (Table  2).  The  rela- 
tive frequencies  of  these  microorganisms  in  H.  asinina  gut  content 


TABLE  1. 
The  average  sizes  (mean  ±  SD)  and  percentages  of  visceral  mass,  foot,  and  shell  of  15  H.  asinina  In  each  period  of  sampling. 


Average  Size  (mean  ±  SD) 

Parameter 

October 

January 

April 

July 

Average 

Shell  length  (mm) 

6.^.8  ±  12.8 

70.1  ±6.6 

69. 1  ±  9.2 

69.8  ±6.4 

68.3  ±9.1 

Total  body  weight  (g) 

48.5  ±  10. 1 

48.4  ±14.3 

49.5  ±  8.7 

46.3+  12.8 

48.2  ±  11.4 

Visceral  mass  (g) 

12.1  ±2.8 

11.4  +  3.9 

ll.8±3.9 

10.7  ±3.2 

11.5  ±3.8 

(24.9)* 

(23.5)* 

(23.9)* 

(23.0)* 

(23.8)* 

Foot  (g) 

29.7  ±  6.5 

29.8  ±8.8 

30.5  ±  5.0 

28.5  +  7.6 

29.7  ±  6.8 

(61.4)* 

(61.5)* 

(61.6)* 

(61.5)* 

(61.6)* 

Shell  (g) 

6.7  ±  1.8 

7.3  ±  1.9 

7.2+1.4 

7.2  ±2.4 

7.1  ±  1.9 

(13.8)* 

(15.0)* 

(14.5)* 

(15.4)* 

(14.7)* 

1  Total  weight. 


Gut  Contents  of  Abalone 


767 


TABLE  2. 
The  microorganism  groups  (<120  jini)  In  H.  asiiiiiui  gut. 


TABLE  3. 
The  genera  of  benthic  diatoms  in  H.  asinina  gut. 


Relativ 

e  Frequency  i.%)* 

Organism 

Benthic  diatoms 

Relative 

Frequency 

(%)* 

Organism 

October 

99.3 

January      .April 

98.b           99.7 

July 

Average 

October 

99.3 

January 

98.5 

April 

99.3 

July 

99.6 

Average 

Benthic  diatoms 

99.7 

99.3 

99.1 

Other  organisms 

0.7 

1.4 

0.3 

0.3 

0.7 

Nhzschia 

13.3 

13.1 

16.0 

36.1 

19.6 

Crustaceans 

0.2 

0.4 

0.1 

0.1 

0.2 

Amphora 

22.9 

11. X 

16.0 

18.2 

17.2 

Protozoa 

0.2 

0.2 

0.1 

0.2 

0.2 

Cocconeis 

6.2 

9.4 

10.8 

9.7 

9.0 

Unidentitled  eggs 

0.0 

0.6 

0.0 

0.0 

0,1 

Fragilaha 

^.b 

21.0 

5.2 

3.2 

8.7 

Blue  green  algae 

0.2 

0.0 

0.1 

(),() 

0.1 

Pliigiogramma 

6.7 

15,7 

0.5 

5.0 

7.0 

Bivalves 

0.1 

0.0 

0.0 

0.0 

0,1 

Naviciila 

4.2 

4.5 

8.0 

11.0 

6.9 

Flagellated  algae 

0.0 

0.2 

0.4 

0.1 

0,2 

Surirella 

4.0 

1.6 

10.5 

1.7 

4.4 

Annelids 

0.0 

0.1 

0.0 

().() 

0,0 

Diplonels 
Coscinodiscus 
Licmophora 
Grammatophora 

7.5 
3.7 
1.2 
3.2 

1.5 
1.1 
5.4 
2.1 

4.5 
2.7 
2.4 
2.3 

3.2 
2.2 
0.4 
0.6 

4.2 

*  Relative  abundance 
mL)  from  the  group 

in  Sedgwick-Rafter  c 
considered  in  detail  in 

ounting  chamber  sub 
Table  3. 

sample  ( 1 

2.4 
2.4 
2.0 

Thalassionema 

3.1 

0.0 

1.8 

1.5 

1.6 

were  not  significantly  different  (p  > 
periods  (Fig.  2:  Table  3). 

3.051  in  different 

sampling 

Melosira 

Paralia 

Achnamhes 

3.1 
2.7 
0.7 

1.4 
0.1 

2.5 

0.5 
2.3 
1.6 

0.6 
0.5 
0.6 

1.4 
1.4 
1.3 

The  macroorganisms  found 

. .  .,.^-  1 .j:.,;. j,.j  ;„..^  *-...., 

in  sam 
— ^.  f^ 

pies  of  H. 

asiiWHi 

«..    (  "7  I      1 

gut  con- 

ry.  V    ...... 

Otherst 

6.0 

3.3 

8.0 

4.4 

5.6 

taceans  (10.8%).  annelids  (9.7'7<-).  large  benthic  diatoms  (4.6%), 
and  mollusks  (3.5%)  (Table  4).  The  relative  frequencies  for  groups 
of  macroorganisms  are  shown  in  Figure  3.  They  were  not  signifi- 
cantly different  between  sampling  periods  (p  >  0.05).  Most  of  the 
macrocontenls  in  the  H.  asinina  gut.  as  mentioned,  were  sand 
grains.  Foraminiferans  were  the  dominant  macroorganisms  in  the 
gut  contents. 

DISCUSSION 

The  habitat  of  H.  asinina  in  Thai  waters  and  elsewhere  within 
its  range  is  different  that  of  most  abalone  in  other  parts  of  the 
world.  They  inhabit  the  coral  reef  environment  (Nateewathana  and 
Hylleberge  1986.  Nateewathana  and  Bussawarit  1988.  Sungthong 
et  al.  1991.  Tookvinart  et  al.  1986).  On  Samed  Island,  there  are  no 
macroalgae  in  their  habitat;  only  the  small  close-growing  tuft  algae 
are  found.  Among  the  tuft  algae  are  species  of  Cladophora.  Cen- 
troceras.  and  Ectocarpus.  H.  asinina  appears  to  feed  almost  ex- 
clusively on  benthic  diatoms.  Benthic  diatoms  were  dominant  in 
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Figure  2.  The  microorganisms  (<120  \im)  in  H.  asinina  gut  during 
different  sampling  periods. 


*  Relative  abundance  in  Sedgwick-Rafter  counting  chamber  subsamples  (1 

mL). 

t  Eighteen  genera  of  benthic  diatoms  that  have  average  values  less  than 

1.0%. 


the  gut  contents  of  H.  asinina  in  this  study.  Where  abundant,  H. 
asinina  may  have  a  dramatic  effect  on  benthic  algal  populations 
and  their  related  communities  that  is  comparable  to  the  algal  denu- 
dation commonly  observed  as  sea  urchins  become  dominant 
(Leighton  et  al.  1966,  Paine  and  Vadas  1969.  Sousa  1979). 

The  black  abalone.  Haliotis  cracherodii  Leach,  common  in  the 
littoral  of  rocky  California  shorelines,  was  formerly  believed  to 
feed  throughout  its  life  principally  on  diatoms  (Bonnot  1930.  Bon- 
not  1940,  Bonnot  1948).  This  concept  was  changed  after  the  study 
of  Leighton  and  Boolootian  (1963),  which  concluded  that  H. 
cracherodii  fed  as  adults  chiefly  on  macroalgae  such  as  Macro- 
cystis  pyrifera.  Egregia  laevigata.  Pelvetia  fastigiata.  Gigartina 
canaliciilata.  and  Gigartina  spinosa  that  are  often  abundant  in  the 
habitat  of  this  abalone  species.  In  their  gut  contents  were  fragments 
of  drift  algae,  filamentous  algae,  and  diatoms.  Fecal  pellets  often 
contained  fragments  of  coralline  algae,  surf  grass,  Phyllospadix 
sp..  and  diatoms  (Leighton  and  Boolootian  1963).  Some  diatoms  in 
feces  were  observed  to  possess  cytoplasmic  and  nuclear  material 
and  were  therefore  assumed  not  to  have  been  completely  digested. 
In  contrast,  the  benthic  diatoms  in  H.  asinina  gut  contents  in  this 
study  appeared  to  be  completely  digested  except  for  the  siliceous 
shells.  Many  researchers  have  reported  that  diatoms  were  the  prin- 
cipal diet  of  very  small  abalone.  Newly  settled  juveniles  typically 
graze  on  diatoms  from  rock  surfaces  for  the  first  few  months  of 
development  (Ino  1952.  Tomita  and  Tazawa  1971 ).  Diatoms  were 
secondary  or  supplementary  to  the  harvesting  of  macroalgae  by 
adult  H.  cracherodii  (Leighton  and  Boolootian  1963).  However, 
this  is  not  the  case  in  H.  asinina  on  Samed  Island.  This  study 
clearly  shows  that  H.  asinina  on  Samed  Island  feeds  on  benthic 
diatoms  throughout  its  life,  especially  species  of  the  genera  Nitzs- 
chia.  Amphora.  Navicula,  and  Cocconeis.  These  diatoms  were 
consistently  found  in  high  percentages  in  each  period  of  sampling. 
Although  the  main  organisms  in  H.  asinina  gut  content  were 
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TABLE.  4. 

The  macroorganisnis  O120  fim)  in  H.  asiiiina  gut. 


Organism 


October 


Frequency  Percentage  (Total  Count! 


January 


April 


July 


Average 


Foraminiferans 
Crustaceans 

Cypris 

Harpacticoids 

Other  copepods 
Crustaceans 
Gnathopods 
Other  crustaceans* 
Annehds 
Mollusks 

Gastropods 

Bivalves 
Benthic  diatoms 

Fragillaria 

Triceratium 

Campylodiscus 

Rhabdonema 

Coscinodiscus 

Otherst 


87.4 
6.9 
3.0 
1.4 
2.1 
0.0 
0.4 
0.0 
2.3 
2.7 
1.8 
0.9 
0.7 
0.0 
0.2 
0.3 
0.1 
0.1 
0.0 


71.5 
14  1 
3.5 
3.5 
3.5 
2.6 
0.0 
1.0 
8.5 
4.5 
2.0 
2.5 
1.4 
0.8 
0.0 
0.0 
0.6 
0.0 
0.0 


70.9 
12.1 
5.0 
2.3 
1.2 
2.0 
1.1 
0.5 
8.4 
3.4 
2.1 
1.3 
5.2 
0.7 
1.8 
1.0 
1.4 
0.1 
0.2 


55.8 
9.9 
3.5 
1.0 
0.6 
2.3 
2.1 
0.4 

19.8 
3.1 
1.6 
1.5 

11.4 
6.9 
2.3 
1.3 
0.0 
0.7 
0.2 


71.4 
10.7 
3.7 
2.0 
1.9 
1.7 
0.9 
0.5 
9.7 
3.5 
1.9 
1.6 
4.7 
2.1 
1.1 
0.7 
0.5 
0.2 
0.1 


*  Composed  of  nauplei,  isopods,  cumacean  shrimp,  and  amphipods. 
t  Composed  of  Pleiimsigma.  Navicula.  and  Cocconeis. 


benthic  diatoms,  tlie  feeding  behavior  involved  in  grazing  may 
allow  them  to  ingest  other  organisms  that  are  also  present  on  the 
substrate  such  as  foraminiferans.  pieces  of  tuft  algae,  crustaceans, 
annelids,  and  mollusks.  Some  abalone  species,  during  grazing, 
were  found  to  ingest  hydrozoans,  copepods,  small  gastropods,  as- 
cidians,  bryozoans,  foraminiferans,  and  even  sponges  (Ueda  and 
Okada  1939,  Leighton  and  Boolootian  1963,  Shepherd  1973). 

Several  abalone  species  that  frequently  occur  in  exposed  posi- 
tions have  been  described  as  opportunistic  graspers  or  trappers, 
e.g.,  Halioris  laevigata  Donovan,  Haliotis  iris  Gmelin,  Haliotis 
ntfescens  Swainson,  and  Haliotis  roei  Gray  (Olsen  1968,  Poore 
1972,  Shepherd  1973,  Barkai  and  Griffiths  1986,  Wells  and  Kees- 
ing  1989).  In  some  cases,  abalone  have  been  reported  to  starve 
rather  than  move  to  attached  vegetation  when  drift  components  are 
not  available,  as  may  occur  when  sea  urchin  overgrazing  removed 
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Figure  3,  The  macroorganisms  I>I20  (inil  in  //.  asinina  gut  during 
different  sampling  periods. 


attached  seaweeds  from  the  substrate  (Leighton  et  al.  1966, 
MacGinitie  and  MacGinitie  1966).  In  common  with  most  abalone 
species,  Haliotis  rubra  Leach,  Haliotis  cvclohates  Ptfron  and  Lesu- 
eru,  H.  cracherodii.  Haliotis  inidae  Linneaus,  and  Haliotis  iris  are 
reported  to  be  both  grazers  and  trappers,  depending  on  environ- 
mental conditions  (Shepherd  1973,  Olsen  1968,  Poore,  1972. 
Wood  and  Buxton  1996).  H.  asinina  too  can  be  both  grazers  and 
trappers.  In  their  natural  habitat  at  Samed  Island,  they  must  graze 
as  juveniles  and  as  adults  on  benthic  diatoms  exclusively.  How- 
ever, this  species  has  been  reared  in  the  laboratory  and  fed  differ- 
ent species  of  macroalgae  including  Gracilaria  tenuistipitata. 
Gracilaria  fisheri.  Gracilaria  salicornia.  Entcromorpha  intestina- 
tis.  and  Acanthophora  spicifera  (Singhagraiwan  and  Doi  1993, 
Upatham  et  al.  1997).  If  macroalgae  were  present  at  Samed  Island, 
these  algae  would  be  important  to  their  nutrition.  McNamara  and 
Johnson  (1995)  studied  growth  of  H.  asinina  on  Heron  reef,  in 
tropical  eastern  Australia.  There,  the  abalone  fed  on  various  spe- 
cies of  macroalgae  that  occur  in  this  habitat  including  Hypnea 
pannosa.  Laurencia  sp..  and  Lohophora  sp.  These  researchers  re- 
ported for  H.  asinina  the  highest  growth  rates  recorded  for  any 
species  of  abalone.  The  coral  reef  environment  at  samed  Island, 
devoid  of  tropical  macroalgae,  may  afford  an  exceptional  oppor- 
tunity to  study  the  growth  of  H.  asinina  in  that  context  and  to 
concentrate  on  the  nutritional  influences  of  the  tuft  algae  compo- 
nent together  with  the  abundant  pennate  diatom  flora  (Anunpong- 
suk  and  Sawatpeera  1991). 

ACKNOWLEDGMENT 

This  study  was  supported  by  the  Thailand  Research  Fund  #PG 
2/015/2539  and  the  National  Science  and  Technology  develop- 
ment agency,  Bangkok,  Thailand. 


Gut  Contknts  of  Abalone 


769 


MTKRATURK  CITED 


Anuiipongsuk.  S.  &  S.  Sauatpceru.   1991.  Sessile  organism.  Siiiilht'<iM. 

Asuiii  Fish.  Dev.  29:49-60. 
Barkai,  R.  &  C.  L.  Griffiths.   19S6.  Diet  of  the  .South  African  ahalone 

Haliolis  midae.  S.  Afr.  J.  Mar.  Sci.  4:37— 14. 
Bonnot.  P.  1930.  Abalones  in  California.  Calf.  Fish  Game.  16:15-23. 
Bonnot.  P.  1940.  California  abalones.  Calif.  Fish  Game.  26:200-211. 
Bonnot.  P.  194S.  The  abalones  of  California.  Calif.  Fish  Game.  34:141- 

168. 
Fullu.  R.  1991.  .\halone  Framing.  Fishing  News  Books.  Oxford.  United 

Kingdom.  \')5  pp. 
Halin.  K.  O.  1989.  Survey  of  the  commercially  important  ahalone  species 

in  the  world,  pp.  3-10.  In:  K.  O.  Hahn  (ed.).  Handbook  of  Culture  of 

Abalone  and  Other  Marine  Gastropods.  CRC  Press.  Boca  Raton,  FL. 
Ino.  T.  1952.  Biological  studies  on  propagation  of  Japanese  abalone  (Genus 

Haliolis).  Tokai  Reg.  Fish.  Res.  Lab.  5:1-102.  (in  Japanese) 
Kohn,  A.  J.  1959.  The  ecology  of  Conns  in  Hawaii.  Ecol.  Monogr.  29:47- 

90. 
Kohn.  .\.  J.   1968.  Microhabitats.  abundance  and  food  of  Conns  on  atoll 

reefs  in  Maldive  and  Chagos  Islands.  Ecology.  49:1046-1062. 
Kohn.  A.  J.  &  J.  W.  Nybakken.  1975.  Ecology  of  Conns  on  eastern  Indian 

Ocean  fringing  reefs:  diversity  of  species  and  resource  utilization.  Mar. 

Biol.  29:211-234. 
LaTouche.  B..  K.  Moylan  &  W.  Twomey.  1993.  Abalone  On-Growing 

Manual.  Aquaculture  Explained.  No.  14.  BIM.  Dublin.  39  pp. 
Leighton.  D.  L.  &  R.  A.  Boolootian.  1963.  Diet  and  growth  in  the  black 

abalone.  Haliolis  cracherodii.  Ecology.  44:227-238. 
Leighton.  D.  L..  L.  G.  Jones  &  W.  J.  North.  1966.  Ecological  relationships 

between  giant  kelp  and  sea  urchins  in  southern  California  kelp  beds.  pp. 

143-151.  Proc.  Fifth  International  Seaweed  Symposium.  Halifax.  Per- 

gamon  Press. 
Leviten.  P.  J.  1978.  Resource  partitioning  by  predatory  gastropods  of  the 

genus  Conus  on  subtidal  Indo-Pacific  coral  reefs:  the  significance  of 

prey  size.  Ecology.  59:614—631. 
Linberg.  D.  R.  1992.  Evolution,  distribution  and  systematics  of  Haliotidae. 

pp.  3-18.  In:  S.  A.  Shepherd.  J.  J.  Tegner  and  S.  A  Guzman  del  Proo 

(eds.).  Abalone  of  the  World.  Biology.  Fisheries  and  Culture.  Fishing 

News  Books.  Oxford,  United  Kingdom. 
MacGinitie.  N.  &  G.  E.  MacGinitie.  1966.  Starved  abalones.  Veliger.  8: 

313. 
McNaniara.  D.  C.  &  C.  R.  Johnson.  1995.  Growth  of  the  ass's  ear  abalone 

(Haliotis  asinina  Linne)  on  Heron  Reef,  tropical  Eastern  Australia. 

Mar.  Freshwater  Res.  46:571-574. 
Nateewathana,  A.  &  S.  Bussawarit.  1988.  Abundance  and  distribution  of 

abalones  along  the  Andaman  Sea  coast  of  Thailand.  Kasefsarl  Gazelle 

(Science).  22:8-15.  (in  Thai) 
Nateewathana,  A.  &  J.  Hylleberge.   1986.  A  survey  on  Thai  abalones 

around  Phuket  Island  and  feasibility  study  of  abalone  culture  in  Thai- 
land. Thai  Fi.sh.  Gazette.  39:177-190. 
Olsen.  D.  A.  1968.  Banding  patterns  in  Haliolis.  2.  Some  behavioral  con- 
siderations and  the  effects  of  diet  on  shell  coloration  for  Haliolis  riife- 

scens.  Haliolis  corrugata,  Haliolis  sorenseni  and  Haliolis  axsimilis. 

Veliger  11:135-139. 


Paine.  R.  T.  &.  R.  L.  Vadas.  1969.  The  effects  of  grazing  by  sea  urchins. 
Slrongylocenlroltis  spp.  on  henthic  algal  populations.  Lininol.  Ocean- 
ogr  14:710-719. 

Poore.  G.  C.  B.  1972.  Ecology  of  New  Zealand  abalones.  Haliolis  species 
(Mollusca:  Gastropoda).  N.Z.J.  Mar.  Freshwater  Res.  6:11-22. 

Shepherd.  S,  A.  1973.  Studies  on  southern  Australian  abalone  (Genus  Hali- 
olis). 1.  Ecology  of  five  sympatric  species.  Aii.sl.  J.  Mar.  Freshwater 
Res.  24:217-257. 

Singhagraiwan.  T.  &  M.  Doi.  1993.  Seed  Production  and  Culture  of  a 
Tropical  Abalone,  Haliolis  asinina  Linne.  The  Research  Project  of 
Fishery  Resource  Development  in  the  Kingdom  of  Thailand.  Depart- 
ment of  Fisheries,  Ministry  of  Agriculture  and  Cooperatives,  Thailand. 
32  pp. 

Singhagraiwan.  T.  &  M.  Sasaki.  1991.  Breeding  and  early  development  of 
donkey's  ear  abalone.  Haliolis  asinina  Linne.  Thai.  Mar.  Fish.  Res. 
Bull.  2:95-100. 

Sousa.  W.  P.  1979.  Experimental  investigations  of  disturbance  and  eco- 
logical succession  in  a  rocky  intertidal  algal  community.  Ecol.  Monogr. 
49:227-254. 

Sungthong.  S..  V.  Ingsrisawang  &  S.  Fujiwara.  1991.  Study  on  the  relative 
growth  of  abalone.  Haliolis  asinina  Linne.  off  Saniet  Island.  Thai.  Mar. 
Fish.  Res.  Bnll.  2:15-20. 

Tantanasiriwong.  S.  1978.  An  illustrated  checklist  of  marine  shelled  gas- 
tropods from  Phuket  Island,  adjacent  mainland  and  offshore  island, 
western  peninsular  Thailand.  Phuket  Mar.  Biol.  Center  Res.  Bull.  15: 
1-65. 

Taylor.  J.  D.  1978.  Habitats  and  diet  of  predatory  gastropods  at  Addu  Atoll, 
Maldives.  J.  Exp.  Mar.  Biol.  Ecol.  31:83-103. 

Taylor,  J.  D.  1984.  A  partial  food  web  involving  predatory  gastropods  on 
a  Pacific  fringing  reef.  J.  E.xp.  Mar.  Biol.  Ecol.  74:273-290. 

Taylor,  J.  D.  1986.  Diets  of  sand-living  predatory  gastropods  at  Piti  Bay. 
Guam.  Asian  Mar.  Biol.  3:47-58. 

Tomita,  K.  &  N.  Tazawa.  1 97 1.  On  the  stomach  contents  of  young  abalone. 
Haliolis  discus  hannai  Ino.  in  Rebun  Island.  Hokkaido.  5c/.  Rep.  Hok- 
kaido Fish.  Expl  Sin.  13:31-38. 

Tookvinart.  S..  W.  Leknim.  Y.  Donyadol,  Y.  Preeda-Lampabutra  &  P. 
Pemgmak.  1986.  Survey  on  Species  and  Distribution  of  Abalone  in 
Surattani.  Nakomsrithaniarat  and  Songkhla  Provinces.  National  Insti- 
tute of  Coastal  Aquaculture.  1/2529.  Department  of  Fisheries. 
Songkhla.  Thailand.  19  pp.  (in  Thai) 

Ueda,  S.  &  Y.  Okada.  1939.  Studies  on  the  food  of  useful  Gastropoda  in 
Japan.  I.  Two  species  of  Japanese  abalone,  Haliolis  gigantea  Gmelin 
and  H.  kamlschatkana  Jonas.  Bull.  Jpn.  Soc.  Sci.  Fish.  8:51-57. 

Upatham,  E.  S..  S.  Sawatpeera,  M,  Kruatrachue,  Y.  P.  Chitramvong.  T. 
Singhagraiwan,  T.  Pumthong  &  P.  Jarayabhand.  1997.  Food  preference 
of  Haliolis  asinina  Linnaeus.  Paper  presented  at  the  Third  International 
Abalone  Symposium,  October  26-31,  1997,  Monterey.  CA. 

Wells,  F.  E.  &  J.  K.  Keesing.  1989.  Reproduction  and  feeding  in  the  aba- 
lone Haliolis  roei  Gray.  Ausl.  J.  Mar.  Freshwater  Res.  40:187-197. 

Wood,  A.  D.  &  C.  D.  Buxton.  1996.  Aspects  of  biology  of  the  ahalone 
Haliolis  midae  (Linne,  1758)  on  the  east  coast  of  South  Africa.  1. 
Feeding  biology.  5.  Afr.  J.  Mar.  Sci.  17:61-68. 


Jinirniil  of  SIh-llfish  Research.  Vol.  17.  No.  3.  771-776.  1998. 

FOOD  UTILIZATION  BY  HALIOTIS  ASININA  LINNAEUS 


E.  S.  UPATHAM,'  S.  SAWATPEERA,'  M.  KRUATRACHUE,' 

Y.  P.  CHITRAMYONG,'  T.  SINGHAGRAIWAN,"  T.  PUMTHONG,^ 

AND  P.  JARAYABHAND^ 

^Department  of  Biology 

Faculty  of  Science 

Mahidol  University 

Bangkok  10400.  Thailand 
'Eastern  Marine  Fisheries  Development  Center 

Rayong  21 160.  Thailand 
'^Coastal  Ai/uacniture  Development  Center 

Prachuap  Kliiri  Khan  77000.  Tliailand 
^Department  of  Marine  Science 

Faculty  of  Science 

Cliulalongkorn  University 

Bangkok  10330.  Tluiikmd 

ABSTRACT  Experiments  on  food  utilization  by  the  Thai  abalone.  Halioiis  asinina.  were  conducted  over  a  period  of  6  mo  with 
nine  species  of  macroalgae — .Acanrhophoru  spicifeni.  Gracilnrio  fisheri,  Gracilaria  saliconiia.  Cracilario  teintistipitata.  Enteromor- 
plm  imestinalis.  Caiderpa  racemosa.  Dicnota  diclioioma.  Pcidiini  minor,  and  Sargassiim  polycystum.  The  highest  growth  rate  (70.3  ± 
3.4  (j.m/day  in  shell  length;  23.6  ±  2.4  mg/day  in  weight),  highest  survival  rate  (95.6  ±  1.6%),  and  the  best  food  conversion  rate 
(3.3  ±  0.5)  were  obtained  with  the  red  alga.  C  lemdstipnata.  The  brown  alga.  P.  minor,  gave  the  lowest  growth  (2.1  ±  3.0  |xm/day 
in  shell  length;  -0.3  ±  0.3  mg/day  in  weight)  and  survival  (7.8  ±  1 .6'7o)  rates.  The  proximate  composition  of  these  nine  species  of  algae 
was  determined  to  suggest  correlation  with  growth  rates.  G.  tenuistipitata  was  found  to  have  the  highest  content  of  protein  and 
carbohydrate. 

KEY  WORDS:     Hidiolis  asinina.  macroalgal  diets,  relative  nutritional  values 


INTRODUCTION 

The  donkey's  ear  abalone.  Haliotis  asinina  Linnaeus,  is  a  tropi- 
cal abalone  species  distributed  widely  in  coastal  reef  zones  of 
southeast  Asia.  It  is  an  esteemed  shellfish  with  a  high  mar- 
ket value.  Even  though  tropical  abalone  culture  in  Thailand  is  in 
the  very  early  stages  of  development,  with  basic  and  applied  re- 
search conducted  only  in  small-scale  operations,  there  have  been 
several  reports  on  culturing  techniques  for  this  species  (Singh- 
agraiwan  1989,  Singhagraiwan  and  Doi  1993,  Jarayabhand  and 
Paphavasit  1996).  Research  has  been  done  recently  on  growth  and 
survival  rates  (Singhagraiwan  1991a,  Singhagraiwan  1991b.  Sing- 
hagraiwan  and  Sasaki  1991,  Singhagraiwan  1993,  Kunavongdate 
et  al.  1995),  breeding,  early  development  and  seed  production 
(Singhagraiwan  and  Sasaki  1991,  Singhagraiwan  and  Doi  1993), 
spawning  pattern  and  fecundity  (Singhagraiwan  and  Doi  1992), 
and  salinity  tolerance  of  H.  asinina  (Singhagraiwan  et  al.  1992). 

Growth  rates  of  H.  asinina  on  natural  algal  diets  are  quite 
variable.  Consequently,  various  diets  of  single  algal  species  have 
been  tested  in  an  atteinpt  to  identify  those  diets  that  maximize  the 
growth  rate  of  H.  asinina  in  culture  (Singhagraiwan  1991a,  Sing- 
hagraiwan 1991b,  Singhagraiwan  and  Sasaki  1991,  Kunavongdate 
et  al.  1995).  However,  these  reports  were  limited  to  only  a  few 
species  of  algae.  Accordingly,  in  this  study  of  food  utilization  by 
juvenile  H.  asinina.  nine  species  of  macroalgae  common  to  the 
natural  environment  of  this  species  were  tested  in  order  to  deter- 
mine which  algae  supported  the  best  growth  and  survival  rates. 
The  pro.ximate  composition  of  these  nine  species  of  algae  was 
determined. 


MATERIALS  AND  METHODS 

Ju\enile  H.  asinina  (age,  5  mo)  were  obtained  from  the  Coastal 
Aquaculture  Development  Center.  Prachuap  Khiri  Khan  province, 
Thailand.  They  were  fed  Gracilaria  salicornia  (C.  Agardh)  Daw- 
son before  the  experiment  and  acclimated  to  experimental  condi- 
tions for  2  wk  before  collection  of  initial  data. 

The  feeding  experiments  with  monospecific  algal  diets  were 
conducted  in  plastic  aquaria  (40  cm  long,  25  cm  wide,  and  30  cm 
high).  The  animals  were  confined  in  a  basket  that  was  placed  in 
plastic  aquaria.  Flow-through  seawater  was  supplied  at  ambient 
temperature  that  ranged  from  20°C  in  winter  to  30°C  in  summer. 
Water  flowed  in  at  approximately  200-250  mL/min.  Each 
aquarium  was  continually  aerated. 

Nine  species  of  macroalgae  were  selected  consisting  of  the  red 
algae  Acanthophora  spicifera  (Vahl)  Borgesen,  Gracilaria  fisheri 
(Xia  et  Abbott)  Abbott,  Zhang  et  Xia,  G.  salicornia.  and 
Gracilaria  tenuistipitata  (Chang  et  Xia);  the  green  algae  Entero- 
luorpha  intestinalis  (Linnaeus)  Nees  and  Caiderpa  racemosa 
(Forsskal)  J.  Agardh;  and  the  brown  algae  Dicnota  dichotoma 
(Hudson)  Lamouroux,  Padina  minor  (Yamada),  and  Sargassiim 
polxcxstum  C.  Agardh.  Algae  were  weighed  and  provided  in  ex- 
cess every  3  days.  On  the  third  day,  the  remaining  fragments  of 
algae  were  collected  and  weighed,  and  then  dry  matter  content  was 
determined  by  drying  in  a  hot-air  oven  at  SO^C  until  a  constant 
weight  was  reached. 

Juvenile  abalone  (13.29  ±  1.36  mm  in  shell  length)  were  used 
in  the  experiments.  Treatments  were  performed  in  triplicate.  Thirty 
abalone  were  used  for  each  replicate.  Shell  length,  wet  weight  of 
each  abalone,  and  mortality  were  recorded  every  2  wk  throughout 
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the  course  of  6  mo  ( 184  days).  Increases  in  shell  length  and  body 
weight  of  abalone  fed  various  species  of  algae  were  determined  for 
each  2-wk  period.  Growth  of  abalone  was  expressed  in  terms  of 
shell  length  (jji.m/day)  and  body  weight  (mg/day).  The  food  con- 
version rates  (FCR)  for  H.  asinina  feeding  on  the  nine  tested  algae 
were  calculated  on  the  basis  of  the  total  dry  weight  gain  of  abalone 
and  the  dry  weight  of  algae  consumed  as  follows  (algal  value 
quotient;  Leighton  and  Boolootian  1963): 


FCR 


Dry  weight  algae  consumed  (g) 
Dry  weight  gain  (g) 


At  the  beginning  and  the  end  of  experiments  (184  days),  the 
total  dry  weight  of  abalone  of  each  tested  group  was  determined. 
The  animals  were  weighed  and  dried  at  85°C  until  a  constant 
weight  was  reached. 

Samples  of  the  nine  species  of  algae  tested  were  analyzed  for 
crude  protein  (Horwitz  1980),  crude  fat  (Pearson  1976).  crude 
carbohydrate,  ash.  and  moisture  (Kangsadalampai  and  Sungpuag 
1984).  Each  analysis  was  performed  in  triplicate. 

Growth  and  survival  rates.  FCR  of  abalone,  and  nutritional 
values  of  algae  were  determined  by  one-way  analysis  of  variance. 
The  multiple  comparison,  Duncan's  multiple  range  test  was  per- 
formed to  determine  the  significant  differences  between  each  treat- 
ment. SPSS  for  Windows,  Version  6.0,  was  the  statistical  software 
for  all  statistical  analysis,  at  p  <  0.05. 

RESULTS 

Growth  Rates 

The  results  obtained  for  each  algal  diet  are  shown  in  Table  1 
and  Figures  1  and  2.  Growth  rates  (shell  length  and  body  weight 
increases  per  day)  of//,  asinina  were  significantly  different  (p  < 
0.05)  among  five  groups  of  feed  treatments,  i.e.,  (1)  G.  lenuistipi- 
tata.  (2)  A.  spicifera,  (3)  G.  salicornia.  (4)  G.  fisheri  and  E.  in- 
lestinalis,  and  (5)  f.  minor.  No  data  were  obtained  for  H.  asinina 
fed  the  remaining  algal  species  (C.  racemosa,  D.  dichotoma.  and  5. 
polycystum)  because  all  died  before  the  end  of  the  experiment 
(Figs.  1  and  2).  presumably  the  result  of  starvation. 


Shell  Length 

The  maximum  cumulative  increase  in  shell  length  was  97.4  ± 
4.2%  for  abalone  fed  the  red  alga,  G.  tenuistipitata  (Fig.  1 ).  This 
equaled  a  growth  rate  of  70.3  ±  3.4  jjim/day  (Table  1).  The  inter- 
mediate cumulative  increases  of  shell  length  were  obtained  with 
abalone  fed  A.  spicifera  (86.2  ±  1.8%),  G.  salicornia  (82.2  ± 
4.6%),  E.  intestinalis  (75.1  ±  5.4%),  and  G.  fisheri  (66.0  ±  0.9%-) 
(Fig.  1).  These  gains  corresponded  to  growth  rates  of  62.2  ±  1.4, 
59.4  ±  3.2,  54.3  ±  3.8.  and  47.6  ±  0.6  [jim/day.  respectively  (Table 
1 ).  The  lowest  cumulative  increase  in  shell  length  was  2.1  ±  0.8% 
for  abalone  fed  P.  minor,  with  a  corresponding  growth  rate  of  2.1 
±  3.0  |xm/day  (Fig.  1.  Table  I ). 

Body  Weight 

The  maximum  rate  of  cumulative  weight  increase  was  found  in 
abalone  fed  G.  leiuiistipitata  (1056  ±  1 18%),  which  resulted  in  a 
growth  rate  of  23.6  ±  2.4  mg/day  (Fig.  2.  Table  1 ).  Abalone  fed  A. 
spicifera.  G.  salicornia.  G.  fisheri.  and  E.  intestinalis  resulted  in 
intemiediate  cumulative  increases  in  weight  (726  ±  5.  610  ±  94, 
508  ±  43,  and  478  ±  68%.  respectively)  (Fig.  2).  These  were 
related  to  growth  rates  of  16.6  ±  0.6  (A.  spicifera).  13.8  ±  2  (G. 
salianiiia).  1 1.0  ±  0.5  (G.  fisheri).  and  10.9  ±  1.7  (£.  intestinalis) 
mg/day  (Table  I ).  The  smallest  increase  in  weight  was  found  in 
abalone  fed  P.  minor  (-16.4  ±  0.1%  weight  increase),  which  was 
-0.3  ±  0.3  mg/day  in  growth  rate  (Fig.  2,  Table  I). 

Survival  Rate 

The  survival  rates  of  //.  asinina  fed  the  various  species  of  algae 
were  significantly  different  (p  <  0.05)  among  four  groups  of  feed 
treatments  (Fig.  3),  i.e.,  1 1 )  G.  tenuistipitata  (95.6  ±  1.6%),  A. 
spicifera  (94.4  ±  4.2%),  and  E.  intestinalis.  (87.8  ±  9.6%);  (2)  G. 
fisheri  (76.7  ±  7.2%);  (3)  G.  salicornia  (55.6  ±  8.3%);  and  (4)  P. 
minor  (7.8  ±  1.6%).  Abalone  fed  C.  racemosa.  D.  dichotoma.  and 
S.  polycystum  all  had  died  by  the  93rd.  150th.  and  162nd  days  of 
the  experiment,  respectively  (Fig.  3). 

FCR 

The  dry  weight  FCR  were  significantly  different  (p  <  0.05) 
among  three  groups  of  feed  treatments  (Table  2).  i.e..  ( 1 )  C.  teniiis- 
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Figure  2.  Percent  weight  increase  of  H.  asinina  fed  nine  species  of  macroalgae. 


ripirara  (3.3  ±  0.6):  (2)  A.  spicifera  (5.7  ±  0.2).  G.  fisheri  (7.4  ± 
1.0).  and  E.  intestinalis  (9.8  ±  2.7).  and  (3)  G.  salicornia  (15.5  ± 
4.0).  The  lowest  or  best  FCR  was  obtained  on  a  diet  of  G.  tenuis- 
lipitata. whereas  G.  salicornia  produced  the  highest  FCR.  The 
FCR  for  P.  minor  could  not  be  calculated  because  of  dry  weight 
loss. 

Proximate  Compositions 

Table  3  shows  the  analysis  of  proximate  composition  of  the 
nine  species  of  algae  with  respect  to  protein,  fat.  carbohydrate,  ash. 
and  moisture.  G.  tenuislipitata  showed  a  significantly  higher  (p  < 
0.05)  content  of  protein  (24.7  ±  2.1%)  than  did  species  of  the 
remaining  algae. 

DISCUSSION 

The  results  of  this  study  of  food  utilization  by  the  Thai  abalone. 
H.  asinina.  when  provided  nine  species  of  algae,  showed  that  the 


red  alga.  G.  tenuistipitata,  was  the  most  readily  consumed  species. 
It  yielded  the  greatest  growth  and  survival  rates.  The  other  three 
species  of  red  algae  (A.  spicifera.  C.  salicornia.  and  C.  fisheri)  also 
showed  high  utilization  and  provided  relatively  high  growth  rates. 
In  contrast,  the  brown  alga  P.  minor  gave  the  lowest  growth  and 
survival  rates,  whereas  the  green  alga.  C.  racemosa.  was  the  least 
effective  species;  the  abalone  did  not  survive  beyond  the  93rd  day 
of  the  experiment. 

There  are  numerous  reports  on  algal  foods  of  abalone  species 
from  different  parts  of  the  world  (see  Shepherd  and  Steinberg 
1992).  Except  for  abalone  species  in  the  Southwest  Pacific  and 
Australasia,  most  abalone  species  prefer  brown  algae,  especially 
phenolic-poor  species  (Shepherd  and  Steinberg  1992).  In  Australa- 
sia, the  abalone  species  Haliotis  roei  Gray.  Haliotis  laevigata 
Donovan.  Haliotis  rubra  Leach,  and  Haliotis  iris  Gmelin  seemed 
to  prefer  red  algae  such  as  Gracilaria.  Jeannerettia.  Pterocladia, 
and  Asparagopsis  (Shepherd  1973.  Shepherd  1975.  Shepherd  and 


TABLE  1. 
Growth  and  survival  rates  of  H.  asinina  provided  nine  species  of  macroalgae  over  a  period  of  184  days. 


Survival 
Rate 

(% ) 

Shell  Length 

Body  Weight 

%  Cumulative 

(mm) 

<g) 

Increase 

Growth  rate 

Species  of  Algae 

Initial 

Final 

Initial 

Final 

Length 

Weight 

Length  (uniyday) 

Weight  (mg/day) 

Red  algae 

A.  spicifera 

94.4  ±  4.2" 

13.3  ±  14 

24.8  ±  3.4" 

0.4  ±0.1 

3.5+  1.6" 

86.2  ±1.8" 

726  ±5" 

62.2  ±  1.4" 

16.6  +  0.6" 

G.  fisheri 

76.7  ±7.2" 

13.3  ±  14 

22.0  ±  3.2'' 

0.4  ±0.1 

2.4  ±1.2" 

66.0  ±  0.9" 

508  ±  43'-" 

47.6  ±  0.6" 

11.0  ±0.5" 

G.  salicornia 

55.6  +  8.3' 

13.3+  14 

24.3  +  2.8'' 

0.4  ±  0. 1 

3.0+  1.3' 

82.2  ±4.6" 

610  ±94"' 

594  ±  3.2" 

13.8  ±2.0' 

G.  tenuislipitata 

95.6  ±1.6" 

13.3  ±  14 

26.2  ±  3.6" 

0.4  ±0.1 

4.8  ±  2.0" 

97.4  +  4.2" 

1056  ±118" 

70.3  ±  3.4" 

23.6  ±2.4" 

Green  algae 

E.  intestinalis 

87.8  ±9.6" 

13.3  ±1.4 

23.4  ±  2.9' 

0.4  ±0.1 

2.5  ±1.0" 

75.1  ±5.4' 

478  ±  68" 

54.3  ±  3.8' 

10.9+  1.7" 

C.  racemosa 

— 

13.3  ±1.3 

— 

04  ±0.1 

— 

— 

— 

— 

— 

Brown  algae 

D.  dichotoma 

— 

13.3+  1.2 

— 

04  ±0.1 

— 

— 

— 

— 

— 

P.  minor 

7.8  ±  1.6" 

13.3  ±1.4 

13.6  ±1.4' 

04  ±0.1 

0.5  ±0.1'' 

2.1  ±0.8' 

-16.4  +  0.1' 

2.1  ±3.0' 

-0.3  ±0.3' 

S.  polycystum 

— 

13.3  ±1.4 

— 

04  ±0.1 

— 

— 

— 

— 

— 

Means  and  standard  errors  are  presented.  All  values  are  expressed  on  a  wet  weight  basis.  The  results  of  Duncan's  multiple  range  test  performed  on  the 
means  of  length  and  weight  increases  and  growth  rate  (shell  length  and  body  weight)  are  shown  besides  the  means:  the  same  letter  identifies  algae  that 
are  not  significantly  different  (p  <  0.05).  The  experiments  were  performed  in  triplicate  (n  =  30). 
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Figure  3.  Percent  survival  of  H.  asiiiiiia  fed  nine  species  of  macroalgac. 


Steinberg  1992.  Wells  and  Keesing  1989.  Prince  1989,  Stuart  and 
Brown  1994.  Fleming  1995).  Report.s  on  food  preferences  of  H. 
asinina  have  indicated  that  red  algae  such  as  Gracilaria  and  Laii- 
reiicia  are  preferred  (Singhagraiwan  1991b,  Singhagraiwan  and 
Sasaki  1991,  Kunavongdate  et  al.  1995).  Hence,  this  study  is  in 
good  agreement  with  earlier  studies  on  H.  asinina  and  several 
other  Haliotis  species  of  Australasia.  In  the  tropics,  red  algae  may 
predominate  by  number  of  species  in  some  areas,  and  in  terms  of 
biomass,  red  algae  may  be  more  abundant  than  brown  and  green 
algae. 

Food  preferences  appear  to  be  correlated  with  nutritive  value 
and  growth.  Generally,  Haliotis  species  in  temperate  zones  have 
shown  better  growth  rates  when  fed  brown  algae  than  when  fed 
red  algae  (Table  4).  However,  the  Australasian  species  showed 


better  growth  rates  when  fed  red  algae  (Table  4).  In  New  Zea- 
land, Stuart  and  Brown  (1994)  reported  the  best  growth  (11.6 
mg/day  in  weight.  57.2  |xm/day  in  shell  length)  in  H.  iris  fed 
mixed  algae  (Gracilaria  cliileiisis,  Ulva  lactuca,  and  Macrocystis 
pyrifera).  In  Australia.  H.  rubra  fed  the  red  alga  Jeaniierettia 
lobata  exhibited  a  very  high  growth  rate  (51.0  mg/day)  (Fleming 
1995). 

In  Thailand.  H.  asinina  fed  red  algae  also  showed  better  growth 
than  did  those  fed  either  green  or  brown  algae.  Singhagraiwan 
(1991b)  reported  very  high  growth  rates  for  body  weight  (51.08 
mg/day)  and  shell  length  (51.6  |ji,m/day)  when  H.  asinina  was  fed 
G.  salicornia.  Kunavongdate  et  al.  ( 1995)  reported  that  H.  asinina 
fed  Luiirencia  sp.  showed  very  high  growth  rates  (24  mg/day  in 
weight.  98  |xm/day  in  shell  length).  In  this  study.  H.  asinina  fed  G. 


TABLE  2. 
FCR  of  H.  asinina  led  nine  species  of  macroalgae  over  a  period  of  184  days. 


N 

umber  and  Total  Weight  of  Abalone 

Total  Wet 
Weight 

Total  Dry 
Weight 

Dry  Weight 
Intake 

Initial 

Final 

Species  of  Algae 

Number 

Weight  (g) 

Number 

Weight  (g) 

Gain  (g) 

Gain  (gl 

of  Algae  (g) 

FCR* 

Red  algae 

A.  spicifera 

90 

37.8 

85 

294.3 

85.5  ±  2.2" 

32.5  ±0.8" 

186.5  ±0.3 

5,7  ±0.2" 

G.  fisheri 

90 

36.1 

69 

203.3 

43.9  ±  5.4= 

16.7  ±2.  r- 

122.0±  1.7 

7,4  ±  1.0" 

G.  salicornia 

90 

37.5 

50 

148.4 

36.9  ±  10.7' 

14.0±4.r 

201.2  ±  1.4 

15,5  ±4,0' 

G.  ienuistipiiaia 

90 

36.6 

86 

410.3 

124.4±  14.8" 

47.3  ±  5.6- 

151.6  ±7,1 

3.3  ±  0,6' 

Green  algae 

C.  racemosa 

90 

37.3 

0 

(1 

— 

— 

25.9  ±  0.4 

— 

E.  intestinalis 

90 

37.7 

79 

144,1 

52.1  ±  15.5^ 

19.8  +  5.9' 

178.3  ±  1.0 

9.8  ±2.7" 

Brown  algae 

n.  dichotoma 

90 

36.7 

0 

0 

— 

— 

21. 2±  1.8 

— 

F.  minor 

90 

38.2 

1 

2.0 

— 

-4.5  ±  0.06'' 

.%.S  ±  7.2 

— 

S.  polycysiuiii 

90 

37.1 

0 

0 

— 

— 

34.5  ±  4.6 

— 

Means  and  standard  errors  are  presented.  The  results  of  Duncan's  muUiple  range  test  perfiirnied  on  the  means  of  total  wet  weight  gain,  total  dry  weight 
gain,  dry  weight  intake  of  algae,  and  FCR  are  shown  Ix-side  llic  means;  the  same  letter  identifies  algae  thai  are  not  signiflcanlly  dilfercnl  (p  <  (1,05),  The 
experiments  were  performed  in  triplicate. 
*  FCR  =  g.  algae  to  produce  1.0  g.  abalone  wt.  gain 
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TABLE  3. 

Proximate  composition  of  the  nine  species  of  macroalgae. 


Composition  (%  Dry  Weight) 

Moisture 

Species  of  Algae 

Protein 

Fat                            Carbohydrate 

Ash 

{%) 

Red  algae 

A.  spicifera 

15.4  +  2.0'-'' 

1.3±1.0''''                       34.6  ±  4.2'''^ 

48.7  ±  6.8"''-' 

93.2+  12.9° 

G.  fisheri 

16.8  ±2.5"-' 

l.l±0.r-^                        57.2  ±7.0= 

24.9  ±  2.5'' 

81.2  ±6.7= 

G.  salkomia 

16.9+  1.8"-' 

1.3±0.1''-'=                       31,1+4.6'f 

50.7  ±  S.S"" 

90.3  +  13.4" 

G.  tenuistipitata 

24.7  ±2.r 

0.7±0.0>^                         52.0  ±6.7"" 

22.7  ±1.5'' 

84.9  ±  5.0" 

Green  algae 

C  racemosa 

19.4+  LS*" 

3.2  ±  0.2"                         27.4  ±  3.9'-« 

50,0  ±  6.2-'-'' 

93.8  ±13.2" 

E.  iiuestinalis 

18.9  +  2.5'' 

3.8  ±  0.4-'                          20.8  ±  2.0^ 

56.6  ±3.5^ 

94.9  +  6.7" 

Brown  algae 

D.  dichotomii 

14.0  ±  O.?'"* 

2.8  ±  0.3'                          38.3  ±  3.9'-'''^ 

44.9  ±  5.5''-' 

89.6+  10.0" 

P.  minor 

12.3  ±  1.4" 

0.8  ±  0.0f«                        46.2  +  2.4''' 

40.8  +  4.7' 

87.0  ±  5.0" 

S.  polycyslum 

9.2  ±  I.r 

1.5  ±0.2''                         41.2  ±3.2'-'' 

48.1  ±6.7''''-' 

87.4+  12.9" 

Means  and  standard  errors  are  presented.  The  results  of  Duncan's  multiple  range  test  performed  on  the  means  of  protein,  fat.  carbohydrate,  ash  (7c  dry 
weight),  and  moisture  (%)  are  shown  beside  the  means;  the  same  letter  identifies  algae  that  are  not  significantly  different  (p  <  0.05).  The  experiments 
were  performed  in  tnplicate. 


leiuiislipilalci  showed  the  highest  growth  rates  (23.6  mg/day  in 
weight,  70.3  ij-ni/day  in  shell  length).  These  resuhs  on  growth  rates 
are  similar  to  those  from  the  study  of  Kunavongdate  et  al.  (1995). 
In  addition,  the  survival  rates  of  H.  asinina  fed  G.  salicornia 
(1009f),  Uuirencia  sp.  (100%).  C.  fisheri  (lOO'/r),  and  G.  tenuis- 
tipitata (95.6%),  over  a  period  of  184  days,  were  not  significantly 
different  (Singhagraiwan  1991b,  Kunavongdate  et  al.  1995).  Their 
reported  FCR  were  20.4  in  H.  asinina  fed  G.  salicornia  (Sing- 
hagraiwan 1991b),  29.49  in  those  fed  G.  fisheri  (Kunavongdate  et 
al.  1995).  and  17.9  in  those  fed  Laurencia  sp.  (Kunavongdate  et  al. 
1995).  In  this  study,  the  diet  of  G.  tenuistipitata  resulted  in  an  FCR 
of  3.3. 

Shepherd  and  Steinberg  ( 1992)  proposed  three  factors  that  may 


affect  the  acceptability  of  food  algae  in  nature.  These  include  (a) 
the  presence  of  chemical  metabolites  in  algae,  (b)  algal  morphol- 
ogy (toughness),  and  (c)  nutritional  value.  Among  the  three  species 
of  Gracilaria  tested  (C.  salicornia.  G.  fisheri.  and  G.  tenuistipi- 
tata). the  G.  tenuistipitata  thallus  is  soft  and  palatable.  That  alga 
has  a  high  protein  content  compared  with  the  other  algae,  which 
may  have  contributed  to  the  relatively  high  growth  rates  obtained 
on  this  seaweed. 
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TABLE  4. 
Growth  rates  reported  for  juveniles  of  various  Haliotis  species  fed  different  species  of  algae. 


Observation 
Temperature 

CO 

Initial  Size 

Grow 

th  Rale 

Species 
of  .Abalone 

Weight 

(g» 

Length 
(mm) 

Species  of  Algae 

Weight 

( mg/day ) 

Length 
(fim/day) 

References 

Haliotis  discus 

18.9-20.6 

1.9 

24.0 

Liiminaria  japonica 

19.0 

108,0 

Uki  1981 

hannai 

1.8 

24.0 

Laminaria  religosa 

18.0 

101.0 

1.9 

24.0 

E.  bicvclis 

16.3 

48.0 

Haliotis  laevigata 

18 

1.9 
0.4 

24.0 
15.0 

U.  pinnatifida 
Gracilaria  conifer\'oides 

25.3 
6.7 

121.0 

Momson  &  Whittington  1991 

Haliotis  rubra 

18 

7.0 

— 

Jeannerettia  lobata 

19.0 
51.0 

— 

Gorfme&  King  1991 
Fleming  1995 

10-20 

7.0 

— 

Phyllospora  comosa 

8.0 

— 

Gorfine  &  King  1991 

Haliotis  refescens 

10.6-14.2 

8.3 

38.3 

Macrocystis  sp. 

80.3 

69.0 

Eben  &  Houk  1984 

Haliotis 

20  ±  0.5 

0.2 

10.0 

Palmaria  palmata 

2.9 

— 

Koike  et  al.  1979 

tuherculata 

0.1 

10.0 

Ulva  lactuca 

2.1 

— 

0.1 

9.0 

Laminaria  digitata 

1.7 

— 

Haliotis  iris 

15±  1 

1.2 

21.6 

Gracilaria  chilensis 

9.7 

45.5 

Stuart  &  Brown  1994 

1.1 

21.0 

Macrocystis  pyrifera 

5.9 

34.4 

Haliotis  asinina 

25 

4.8 

27.8 

Gracilaria  salicornia 

51.1 

51.2 

Singhagraiwan  1991h 

25-28 

9.7 

31.1 

Laurencia  sp. 

24.0 

98.1 

Kunavongdate  et  al.  1995 

10.9 
10.4 

31.3 
31.4 

Gracilaria  fisheri 
Eucheuma  sp. 

3.0 

2.0 

21.0 
14.0 
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THE  NATURAL  DIET  OF  THE  GREEN  ABALONE  (HALIOTIS  FULGENS  PHILIPPI)  IN  THE 
SOUTHERN  PART  OF  ITS  RANGE,  BAJA  CALIFORNIA  SUR,  MEXICO,  ASSESSED  BY  AN 
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ABSTRACT  An  attempt  was  made  to  assess  the  natural  diet  of  the  green  abalone  from  the  southern  extreme  of  its  range  by 
examination  of  gut  contents.  Crop  and  stomach  contents  were  identified  in  samples  from  study  sites  at  Bahi'a  Asuncion,  La  Bocana, 
Punta  Abreojos,  and  Las  Barrancas  along  the  Pacific  Coast  of  Baja  California  Sur.  Shell  lengths  of  abalone  from  banks  at  the  northern 
sites,  Bahia  Asuncion  and  La  Bocana.  were  greater  than  for  abalone  found  at  the  southern  sites,  Punta  Abreojos  and  Las  Barrancas. 
The  consistency  and  weight  of  gut  content  among  individuals  varied  according  to  the  extent  of  digestion  in  each.  Differences  were 
found  between  the  weight  of  the  particulate  contents  at  the  different  sites.  The  smallest  number  of  plant  species  in  the  gut  was  one, 
and  the  largest  was  six.  The  average  number  of  plant  species  per  individual  gut  was  similar  at  three  sites.  The  highest  average  was  at 
Las  Barrancas.  Seven  Rhodophytes,  four  Phaeophytes.  and  one  seagrass  were  recorded.  The  number  of  species  in  samples  from  Las 
Barrancas  was  nine,  followed  by  Bahia  Asuncion  (n  =  8).  La  Bocana  (n  =  7).  and  Punta  Abreojos  (n  =  5).  The  most  common  food 
items  in  gut  content  were  the  seagrass  Phyllospadi.x  mrreyi  and  the  macroalgae  Sargassum  sp.,  Eisenia  arborea.  Ciypropleiira  crispa. 
and  Rhoilvmenia  sp.  The  other  species  found  in  the  abalone  diets  could  be  considered  species  that  are  consumed  incidentally  with  the 
main  food  according  to  the  local  flora.  The  brown  algae  Sargassum  and  Eisenia  and  the  red  algae  Cnpiopleiira  and  Rhodymenia  made 
up  about  50%  (relative  frequency)  of  the  recovered  food  items  at  Bahia  Asuncion  and  Las  Barrancas  and  about  80%  at  La  Bocana  and 
Punta  Abreojos.  P.  iorrexi  formed  32%  of  the  recovered  food  items  at  Punta  Prieta  and  about  15%  at  the  other  sites.  No  other  algae 
formed  more  than  12%  of  the  gut  content  items  in  these  green  abalone. 

KEY  WORDS:     natural  diet,  gut  content,  green  abalone.  Halioris 


INTRODUCTION 

Seaweed  plays  an  important  role  in  nearshore  marine  ecosys- 
tems as  a  source  of  food,  habitat,  or  refuge  for  many  species  of 
fauna,  mollusks.  crustaceans,  and  fish.  In  the  wild,  the  common 
food  of  the  adult  abalone  consists  of  macroalgae,  Abalone  food 
preferences  have  been  studied  from  both  analyses  of  gut  contents 
and  feeding  experiments.  Shepherd  and  Steinberg  ( 1992)  reviewed 
the  literature  on  the  feeding  biology  of  abalone  and  found  that 
although  most  populations  have  a  wide  range  of  acceptable  algae 
for  food,  each  species  is  fairly  selective  and  usually  has  a  prefeired 
food  item.  Abalone  have  available  to  them  different  types  of  food 
in  different  parts  of  the  world.  In  the  northern  hemisphere,  there  is 
a  general  preponderance  of  brown  algae  in  the  abalone  diet.  In  the 
southern  hemisphere,  abalone  feed  mostly  on  the  abundant  red 
algae. 

The  benthic  environments  inhabited  by  abalone  off  southern 
California  are  characterized  chiefly  by  Phaeophyta  (brown  algae). 
Dominant  species  include  Macrocystis pyrifera  (L.).  C.  Ag..  Pela- 
gophycus  porra  (Lem.)  Setch.,  Laminaria  farkmii  Setch..  Ptery- 
gophora  califomica  Rupr.,  Egregia  menziesii  (Turn.)  Aresh,.  £/.?- 
enia  arborea  Are.sh..  and  Cystoseira  osmundacea  (Turn.)  C.  Ag. 
Rhodophyta  (red  algae)  present  generally  include  articulated  and 
encrusting  coralline  algae.  Rhodymenia  spp,.  Gelidiiim  spp,.  Gi- 
gartina  spp..  and  Plocamiwn  spp,  (Dawson  et  al.  I960),  Chloro- 
phyta  (green  algae)  do  not  form  a  conspicuous  part  of  the  algal 
flora  of  near-shore  areas  south  of  Point  Conception  (Leighton 
1968),  The  production  oi  Macrocystis,  understory  kelps,  and  bot- 
tom-cover algae,  together  with  energy  imported  from  the  plankton, 
supports  consumers  in  giant  kelp  forests  as  well  as  in  nearby 
communities  receiving  drift  from  these  beds  or  forests  (Foster  and 
Schiel  1985). 


In  California,  the  bull  kelp.  Nereocystis  lentkeana  (Mert.)  Post. 
&  Rupr.;  giant  kelp,  Macrocystis:  elk  kelp,  Pelagophycus:  feather 
boa  kelp.  Egregia:  belt  kelp.  Laminaria:  and  palm  kelp.  Eisenia: 
are  the  main  and  preferred  foods  of  red  abalone.  Haiiotis  rufescens 
Swainson:  pink  abalone.  Haiiotis  corrugata  Wood;  white  abalone, 
Haiiotis  sorenseni  Bartsch;  and  green  abalone.  Haiiotis  fiilgens 
Philippi  (Cox  1962.  Leighton  1966.  Leighton  1968.  Tutschulte  and 
Connell  1988).  Haiiotis  cracherodii  Leach  showed  a  preference 
for  brown  algae.  M.  pyrifera.  E.  menziesii.  and  Pehetia  fastigiata 
(J.  Ag.)  De  Toni  (Leighton  and  Boolootian  1963),  Kelps  com- 
monly used  as  food  for  abalone  in  California  mariculture  are  M. 
pyrifera  and  E.  menziesii.  The  former  is  a  valuable  food  for  young 
red  abalone.  but  a  relatively  poor  diet  for  green  abalone  (Leighton 
1989).  Egregia  is  effectively  used  by  both  species  and  is  the  diet 
of  choice  for  culture  of  green  abalone  (Leighton  et  al.  1981). 

In  contrast,  red  algae  were  found  to  be  the  main  food  items  of 
two  New  Zealand  species.  Haiiotis  iris  Gmelin  and  Haiiotis  aiis- 
tralis  Gmelin  (Poore  19721.  Australian  abalone  also  apparently 
prefer  to  eat  red  algae  but  will  consume  some  species  of  brown 
algae,  generally  when  preferred  species  are  uncommon  (Shepherd 
and  Steinberg  1992).  For  example.  Haiiotis  laevigata  Donovan 
rejects  nearly  all  species  of  brown  and  green  algae  and  prefers  red 
algae  and  seagrass  blades,  H.  rubra  Leach  feeds  extensively  on  the 
fronds  of  the  large  "kelp,"  PhyUospora,  on  drifting  blades  of  the 
giant  kelp.  M.  pyrifera,  and  red  algae,  depending  on  the  site.  Haii- 
otis roei  Gray  feeds  preferentially  on  red  algae,  such  as  the  short 
red  algal  "turf"  seaweed.  Pterocladia  (Shepherd  1975). 

Along  the  western  coast  of  Baja  California,  Dawson  et  al. 
( 1960).  Guzman  del  Proo  et  al.  (1972.  1991).  and  Mateo-Cid  and 
Mendoza-Gonzalez  (1994)  have  studied  the  associated  flora  in  the 
natural  habitats  of  the  different  abalone  species  in  southern  Baja 
California  and  found  that  the  principal  components  of  the  abalone 


777 


778 


Servierb-Zaragoza  et  al. 


habitat  are  brown  algae,  M.  pyrifera.  E.  arborea,  and  other  Lami- 
nariales;  red  algae,  Celidiiim.  Acrosorium.  and  Plocamium:  the 
articulated  coralline  algae,  Bossielhi  and  CoiaUiiui  spp.;  the  crus- 
tose  coralline  algae,  Lithothamnnim  and  LithophyUwn:  and  the 
seagrass,  Phyllospadix  roneyi  S.  Watson.  These  species  support 
the  main  gastropod  grazers  in  the  community  including  Tegiila 
eiseni  Jordan,  Tegulu  aiireolincUi  Forbes.  Ocenebra  foveolata 
Hinds,  Haliotis  spp.,  and  Astnieci  iindosa  Wood  (Guzman  del  Proo 
et  al.  1991). 

Although  it  has  sometimes  been  assumed  by  fishemien  that 
Mexican  abalone  species  feed  extensively  on  Mavrocysris.  there 
have  been  no  local  studies  on  the  natural  diet  or  teeding  habits  of 
these  species.  Moreover.  Macrucystis  is  not  present  in  abalone 
banks  around  Punta  San  Roque  (27°N  lat)  to  Magdalena  bay  (24°N 
lat),  the  southern  limit  of  the  commercial  abalone  range,  although 
as  drift,  M.  pyrifera  does  occur  as  far  south  as  Punta  Abreojos 
(26°N  lat).  In  Baja  California,  there  are  seven  abalone  species,  but 
only  five  have  commercial  interest;  H.  fulgens.  H.  corrugata.  H. 
cracherodii.  H.  rufescens.  and  H.  sorenseni.  Green  abalone  are  the 
main  resource  of  the  Mexican  abalone  fishery. 

The  purpose  of  this  article  is  to  identify  the  food  plants  con- 
sumed by  adult.  H.  fulgens  through  examination  of  gut  contents  of 
specimens  collected  along  the  southern  part  of  its  range,  Baja 
California  Sur,  Mexico,  at  sites  largely  beyond  the  current  distri- 
bution range  of  M.  pyrifera.  We  sought  to  determine  the  relative 
importance  of  brown  and  red  algae  as  food  for  abalone  living  in 
that  area.  Studies  on  natural  diets,  growth  on  specific  algal  diets, 
digestive  processes,  digestibility,  and  conversion  efficiency  for 
algae  by  marine  herbivores  of  commercial  interest  are  important.  A 
better  understanding  of  these  subjects  will  help  suggest  optimal 
diets  for  abalone  culture. 

MATERIALS  AND  METHODS 

Green  abalone  were  collected  from  four  study  sites  along  the 
coast  of  Baja  California  Sur — "Punta  Prieta,"  40  km  south  of 
Bahi'a  Asuncion:  "La  Piedra  de  la  Orilla"  at  La  Bocana;  "Piedra 
de  Afuera"  at  Punta  Abreojos;  and  "La  Punta,  El  Cora  y  Ama- 
rillo"  at  Las  Barrancas — in  August  and  September  1995  and 
March  1996  by  personnel  of  Centro  Regional  de  Investigaciones 
Pesqueras,  CRIP-La  Paz  (Abalone  project)  and  of  the  fishermen's 
cooperatives  Leyes  de  Reforma,  Progreso,  Punta  Abreojos,  and 
Puerto  Chale  (Fig.  1 ).  These  sites  are  beyond  the  present  distribu- 
tion range  of  the  brown  alga  M.  pyrifera.  This  species  of  kelp  is 
found  from  Alaska  to  Baja  California,  Mexico  (Abbott  and  Hol- 
lenberg  1976).  Stands  can  occur  as  far  south  as  Punta  Asuncion- 
Punta  San  Hipolito  in  Baja  California,  Mexico  (27°N  lat;  Dawson 
1951 ),  but  this  southern  limit  varies.  At  the  time  of  sampling,  the 
most  southerly  plants  were  around  Punta  San  Roque,  over  15  km 
northwest  of  Bahi'a  Asuncion  (Serviere  pers.  obs.). 

The  specimens  were  collected  by  Hookah  divers.  All  diving 
was  done  in  the  early  morning.  Four  or  5  h  after  collection,  the 
specimens  were  delivered  to  the  shore,  and  the  sex  and  shell  length 
of  each  abalone  sampled  were  recorded.  The  digestive  tracts  of  30 
specimens  from  each  site  were  donated  by  the  cooperatives  for  the 
study  (Table  1).  Guts  were  labeled  and  preserved  in  10%  formalin 
in  seawater  neutralized  with  sodium  borate. 

In  the  laboratory,  each  digestive  tract  was  dissected  and  the 
crop  and  stomach  contents  were  washed  with  distilled  water,  re- 
covered on  a  l-mm-pore-size  mesh  sieve,  and  weighed  while  wet 
(McLean  1970).  The  different  groups  present  were  separated  by 


Fisjure  1.  Tht  study  sites:  1,  "Punta  Prieta."  4(1  km  south  of  Bahia 
Asuncion;  2,  "La  Piedra  de  la  Orilla,"  La  Bocana:  3,  "Piedra  de 
Afuera,"  Punta  Abreojos:  4,  "La  Punta,  El  Cora  y  Amarillo,"  Las 
Barrancas. 


viewing  with  a  stereoscopic  microscope  and  identified  to  the  low- 
est taxonomic  level  permitted  by  the  degree  of  digestion  of  the 
contents.  It  was  necessary  to  compare  algal  fragments  in  detail 
(external,  internal,  and  reproductive  morphology)  with  macroalgae 
collected  from  the  benthic  community  at  nearby  sites  or  with  her- 
barium specimens.  The  keys  and  species  descriptions  of  Abbott 
and  Hollenberg  (1976).  Dawson  (1953,  1954,  1963).  Hollenberg 
and  Dawson  ( 1961 ).  Phillips  and  Meiiez  (1988).  and  Taylor  (1960) 
were  used  to  guide  our  identifications. 

The  frequency  for  each  species  was  calculated  from  the  number 
of  guts  in  which  the  species  occurred  among  the  total  number  of 
guts  sampled,  and  the  relative  frequency  was  calculated  from 


Relative  frequency  : 


number  of  occurrences 
number  of  guts 


■X  100 


Relative  frequency  was  obtained  for  each  site  and  also  for  the  total 
guts  analyzed. 

Differences  in  mean  shell  length,  weight  of  gut  contents,  and 
number  of  species  per  gut  between  study  sites  were  analyzed  with 
the  nonparametric  Kruskal-Wallis  test  (Sokal  and  Rohlf  1995). 
Multiple  comparison  procedures  (Kolmogoro\-Sminiov  lest)  were 
used  to  test  for  significant  differences  between  means.  All  statis- 
tical procedures  were  done  with  the  program  STATISTICA  5.0 
for  PC. 

RESULTS 

The  range  in  shell  length  for  the  abalone  studied  was  71.0- 
182.0  mm,  and  the  overall  mean  ±  SD  was  134.04  ±  22.09  mm. 
The  mean  size  was  significantly  different  between  sites  (Kruskal- 
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TABLE  1. 
Location,  shell  length,  and  sex  of  the  green  abalone  analyzed. 


Sites 


Geographic 
Location 


Date 


n* 


Shell  Length 

(nim)t 


Sext 


Bahi'a  Asuncion.  "l'imi;i 

Priela" 
La  Bocana.  "La  Picdra  dc  la 

Orilla" 
Punta  Ahreojos.  "Piedra  de  Afuera" 

Las  Barrancas.  '"La  Punta.  El  Cora  v  Amarillo' 


11 4° 17 '40"  W 

Sept.  4.  1995 

3(1 

141.04  ±  15.0X 

IM,  119 

27°07'00"  N 

8? 

113°4r35"  W 

Sept.  2.  1995 

29 

143.96  ±28.26 

13(J.  109 

26°46'.30"  N 

6? 

113°34'05"  W 

Aug.  31.  1995 

31 

129..30  +  21.58 

15d,  129 

26°41'50"N 

4? 

112°27'00"W 

March  S,  1996 

30 

120.40  ±  10.01 

9(5.69 

26°14'll()"  N 

15? 

*  n.  Sample  size  of  abalone  examined. 

t  Mean  ±  SD. 

t  3.  male;  9.  female;  ?.  not  identified. 


Wallis  test.  H  =  25.54;  p  <  0.0001).  The  mean  size  of  abalone 
from  banks  at  the  noilhem  sites.  Bahi'a  Asuncion  (141.04  ±  15.08. 
mean  ±  SD)  and  La  Bocana  ( 143.96  ±  28.26).  was  greater  than  the 
size  of  abalone  found  at  the  southern  sites.  Punta  Abreojos  ( 1 29.30 
±  21.58)  and  Las  Barrancas  (120.40  ±  10.01)  (Kolmogorov- 
Smimov  test,  p  <  0.05). 

The  consistency  and  wet  weight  of  gut  contents  among  indi- 
viduals were  different,  depending  in  part  on  the  degree  of  digestion 
and  the  time  since  last  feeding  in  each  (Fig.  2).  In  general,  the 
contents  were  fragments  of  macroalgae  and  seagrass  larger  than  1 
mm.  However,  in  some  individuals,  the  stomach  contents  were 
more  liquid,  probably  because  digestion  was  more  advanced,  and 
in  these,  there  were  few  fragments  of  macroalgae  and  seagrass 
larger  than  1  mm.  The  average  wet  weight  (grams  ±  SD)  was  1.05 
±  0.73  at  Bahi'a  Asuncion,  3.57  ±  2.23  at  La  Bocana.  1.99  ±  1.57 
at  Punta  Abreojos.  and  3.59  ±  2.6  at  Las  Barrancas.  Differences 
between  the  content  weights  for  abalone  from  the  different  sites 
were  tested  (Kruskall  Wallis  test.  H  =  21.85:  p  <  0.0001). 

The  smallest  number  of  species  per  individual  gut  was  one.  and 
the  largest  was  six  (Fig.  3).  The  average  number  of  plant  species 
per  gut  was  similar  at  three  sites;  Bahi'a  Asuncion  (3  ±  1.  mean  ± 
SD).  La  Bocana  (2  ±  1 ).  and  Punta  Abreojos  (2  ±  1 ).  The  highest 
average  was  at  Las  Barrancas  (4  ±  1 )  and  was  significantly  dif- 
ferent (Kolmogorov-Smimov  test,  p  <  0.01). 

The  components  found  in  the  crop  and  stomach  contents  of  121 
green  abalone  adults  were  1 2  species,  of  which  4  were  Phaeophyta, 


7  were  Rhodophyta.  and  1  species  was  seagrass  (Table  2).  The 
number  of  species  in  all  guts  at  Las  Barrancas  was  nine,  followed 
by  Bahi'a  Asuncion  (n  =  8).  La  Bocana  (n  =  7).  and  Punta 
Abreojos  (n  =  5).  In  general,  the  species  diversity  of  red  algae 
predominated  over  brown  algae.  In  Punta  Abreojos  specimens, 
however,  red  and  brown  algae  were  equally  represented. 

Guzman  del  Proo  et  al.  (1991)  studied  the  associated  flora  of 
the  abalone  species  in  Bahi'a  Tortugas  (27'N  lat)  and  reported  4 
species  of  Chlorophyta,  1 1  species  of  Phaeophyta,  29  species  of 
Rhodophyta.  and  1  spermatophyta.  The  number  of  species  in  sum- 
mer was  22.  and  in  winter,  it  was  27.  Mateo-Cid  and  Mendoza- 
Gonzalez  (1994)  found  113  species  of  benthic  marine  algae  at 
Bahfa  Asuncion  (27"N  lat);  3  species  of  Cyanophyta.  13  species  of 
Chlorophyta.  19  species  of  Phaeophyta.  and  78  species  of  Rhodo- 
phyta. The  greatest  diversity  occurred  in  summer  with  1 10  taxa;  40 
species  were  found  in  winter.  At  Bahi'a  Magdalena  (24°N  lat).  a 
total  of  132  species  were  identified — 22  species  of  Chlorophyta. 
22  species  of  Phaeophyta.  and  88  species  of  Rhodophyta.  The 
greatest  diversity  occurred  in  winter,  with  77  species;  66  species 
were  found  in  summer  (Sanchez-Rodrigez  et  al.  1989).  M.  py- 
lifera,  E.  arborea,  CoralUna  officinalis  L.,  Corallina  pinnarifolia 
(Manza)  Daws.,  and  P.  turreyi  were  the  principal  components  of 
the  benthic  vegetation  of  Bahi'a  Tortugas  and  Bahi'a  Asuncion. 
Codium  magnum  Daws.,  Caulerpa  sertidarioides  (S.G.  Gmel.) 
Howe,  Colpomenia  tiibercidata  Saund.,  E.  arborea.  Sargassum 
sinicola  S.  &  G..  Padina  dunillaei  Bory,  Hydroclathrus  clathratus 
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Figure  2.  Shell  length  and  weight  of  gut  contents  of  green  abalone. 
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Figure  3.  Shell  length  and  number  of  species  per  gut  of  green  abalone. 
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TABLE  2. 
List  and  relative  frequency  of  species  identified  in  the  crop  and  stomacli  contents  of  green  abalone. 


Sites* 


Species 


Bahi'a  Asuncion 


La  Bocana 


Punta  Abreojos 


Las 
Barrancas 


All  Sites* 


Phaeophyta 

Eisenia  arhorea  Aresh. 
Padina  sp. 
Sargassum  sp. 
Spatoglossum  sp. 

Rhodophyta 

Cryptopleura  crispa  Kylin 
Gelidium  robustum  (Gardn.l 
Hollenh.  &  Abb. 
Erythrotrichia  sp. 
Polysiphonia  sp. 
Prionitis  sp. 
Rhodyinenia  sp. 
Red  Nit 

Seagrass 
Phyllospadix  torreyi  S. 

Watson 
Total  species 


14 

1 

23 


13 
10 


32 


22 
19 


26 

5 


1 
17 


10 

7 


52 
2 

12 


16 
5 


22 
1 


16 

4 
11 

1 

16 
12 

17 


16 
1 

19 
1 

16 

4 

1 
4 
1 
13 
4 

19 

12 


*  Relative  frequency. 

t  Red  NI,  red  algae  not  identified. 


(C.  Ag.)  Howe,  CoralUna  spp..  Amphiroa  magdalenensis  Daws., 
Amphiroa  zonata  Yendo,  Laurencia  pacifica  Kylin,  Pterocladiella 
capillacea  (S.G.  Gmel.)  Santelices  and  Hommersand,  and  Spyridia 
filameiuosa  (Wulf. )  Harv.  were  most  common  at  Bahia 
Magdalena. 

Five  species  had  the  greatest  relative  frequency  and  made  up 
most  of  abalone  diets  at  the  sites  studied  along  Baja  California  Sur. 
P.  torreyi  had  the  highest  value,  followed  by  the  brown  algae 
Sargassum  sp.  and  E.  arborea  and  the  red  algae  Ciyptopleiira 
crispa  and  Rlwdymenia  sp.  The  value  of  each  was  different  at 
different  sites  (Table  2).  The  brown  algae  Sargassum  and  Eisenia 
and  the  red  algae  Cryptopleura  and  Rlwdymenia  made  up  about 
50%  of  the  recovered  food  items  at  Bahi'a  Asuncion  (brown,  37%; 
red,  13%)  and  Las  Barrancas  (brown,  22%;  red,  32%)  and  about 
80%  at  La  Bocana  (brown,  41%;  red.  43%)  and  Punta  Abreojos 
(brown,  52%;  red,  30%)  and  averaged  about  60%  over  all  sites 
(brown,  35%;  red,  29%).  P.  torreyi  was  present  in  32%  of  guts  at 
Bahia  Asuncion  and  about  15%  in  the  other  localities  and  averaged 
about  15%  over  all  sites.  No  other  plant  occurred  in  more  than  12% 
of  the  guts  of  the  green  abalone  examined. 

DISCUSSION 

The  analysis  of  shell  length  of  abalone  from  Bahi'a  Asuncion, 
La  Bocana,  Punta  Abreojos,  and  Las  Barrancas  suggests  that  the 
mean  size  of  green  abalone  decreases  from  north  to  south.  The 
shell  length  (in  inillimeters)  of  abalone  al  Bahia  Asuncion  (141.04 
±  15.08,  inean  +  SD)  was  larger  than  that  at  Las  Barrancas  ( 120.40 
±  10.01).  Guzman  del  Proo  et  al.  (1976)  observed  the  size  and 
weight  means  for  Haliotis  spp.  to  decrease  from  north  to  south, 
following  a  gradient  along  the  peninsula.  Data  for  samples  from 
the  commercial  catch  showed  the  same  trend  for  the  maximum 
length  of  H.  corrugata  and  H.fidgens  (Vega-Velazquez  et  al.  1994). 

The  range  of  gut  content  weights  for  individuals  of  the  same 


size  was  wide.  For  example,  at  the  shell  length  of  130  mm,  values 
from  0.12  to  4.33  g  were  measured.  The  differences  between  in- 
dividuals of  the  same  or  different  populations  appear  related  more 
to  the  progression  of  digestion  in  each  individual  rather  than  its 
size,  because  the  weight  of  gut  content  was  from  the  fragments  of 
macroalgae  and  seagrass  larger  than  I  mm,  and  not  for  the  liquid 
stomach  content.  The  progress  of  digestion  in  the  organisms 
sampled  is  relative  to  the  time  that  the  abalone  began  or  stopped 
feeding  and  with  the  time  of  collection  of  abalone.  The  digestive 
tracts  were  preserved  4  or  5  h  after  the  time  of  collection,  and  the 
content  weight  then  consists  of  fragments  not  immediately  di- 
gested. Nevertheless,  no  abalone  with  an  entirely  empty  crop  and 
stomach  were  found  in  the  samples,  and  in  general,  in  the  contents, 
we  always  found  fragments  of  macroalgae  and  seagrass  larger  than 
1  mm.  Facie  and  Day  (1992),  in  laboratory  assays,  found  that  when 
abalone  are  well  fed,  they  eat  only  the  preferred  species  and  pro- 
cess these  rapidly,  but  when  food  is  scarce,  they  are  less  selective 
and  process  the  food  slowly.  Therefore,  one  must  be  cautious  in 
assessing  diet  based  only  on  gut  contents. 

The  average  number  of  species  per  individual  gut  was  2  ±  1 
(mean  ±  SD),  except  at  Las  BaiTancas  (4  ±  I ).  Abalone  from  three 
similar  sites  were  collected  during  summer  and,  at  Las  Barrancas, 
during  winter.  The  season  of  the  sampling  is  important  because  it 
has  been  suggested  that  the  diets  retlect  the  species  most  abundant 
in  the  habitat  at  the  time  of  sampling,  and  the  relati\'e  abundance 
of  food  item  in  the  diet  may  be  related  to  its  availability  in  the 
environment.  Southern  sites  on  the  peninsula  of  Baja  California 
have  the  greatest  floral  diversity  in  winter.  Sanchez-Rodri'gez  et  al. 
(1989)  identified  77  species  in  winter  and  66  species  in  summer. 
Poore  ( 1972)  found  seasonable  variation  in  the  diet  composition  of 
a  New  Zealand  species,  H.  iris,  and  Barkai  and  Griffiths  (1986) 
describe  the  diet  of  a  South  African  abalone  Haliotis  midae  at  two 
sites  being  more  diverse  in  winter  than  in  summer.  However,  site 
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appears  to  be  a  more  important  variable  than  season.  It  is  necessary 
to  extend  this  prehminary  survey  with  detailed  field  studies  on  the 
natural  diets  ol  Me\iean  abalone  species  with  quantitative  analysis 
of  local  flora  to  determine  the  relation  between  availability  of  food 
and  principal  food  to  abalone.  Feeding  experiments  are  needed  to 
determine  preference  and  utilization. 

.Mthouyh  along  the  Pacific  Coast  of  Baja  California  Sur.  the 
benthic  en\  ironments  inhabited  by  abalone  are  characterized  by  a 
flora  with  more  than  50  species  (Guzman  del  Proo  et  al.  1991. 
Mateo-Cid  and  Mendoza-Gonzalez  1994,  Sanchez-Rodrigez  et  al. 
1989).  only  seven  red  algae,  four  brown  algae,  and  one  seagrass 
were  identified  from  gut  content  analysis  of  green  abalone.  Of 
these.  Macracystis,  and  Eisenia  have  been  reported  as  algal  foods 
of  H.  fulgens  in  southern  California  (Leighton  1966.  Tutschulte 
and  Connell  1988).  Gelidium  robustiim,  E.  arborea,  and  P.  torreyi 
have  been  concluded  to  be  important  species  in  abalone  coinmu- 
nities  and  potential  abalone  food  along  Baja  California  (Guzman 
del  Proo  et  al.  1972,  Guzman  del  Proo  et  al.  1991).  The  red  algae 
C.  crispa.  Erythrotrichia  sp.,  Polysiphonia  sp.,  and  Prionitis  sp. 
and  the  brown  algae  PacUna  sp..  Sargassum  sp.,  and  Spatoglossiim 
sp.  had  not  been  previously  reported  as  algal  food  of  green  aba- 
lone. 

Guzman  del  Proo  et  al.  (1972,  1991)  suggested  that  species 
such  as  articulated  corallines  Bossiella  and  Corallina  spp.  and 
crustose  corallines  Lithothciinnium  and  LithophyUum  are  important 
elements  that  form  part  of  the  habitat  of  abalone  species  in  Baja 
California,  as  well  as  all  over  the  world,  and  are  related  to  post- 
larval  diet.  Although  corallines  and  crustose  algae  are  found  in  the 
local  flora  of  the  sites  studied  (Abbott  and  Hollenberg  1976,  Daw- 
son 1953).  we  did  not  observe  them  in  the  gut  contents.  These 
species  and  their  epiphytes  are  used  by  small  abalone. 

The  relative  frequency  of  species  at  the  four  sites  suggests  that 
although  green  abalone  in  Baja  California  Sur  accept  a  wide  range 
of  macrophytes.  the  principal  conspicuous  elements  in  the  ingesta 
were  the  seagrass  P.  lorreyi  and  the  macroalgae  Sargassum  sp. 
(Fucales).  E.  arborea  (Laminariales),  C.  crispa  (Ceramiales),  and 
Rhodymenia  sp.  (Rhodymeniales).  The  other  species  found  in  aba- 
lone guts  could  be  considered  species  that  are  eaten  incidentally 
with  the  main  food  according  to  the  local  flora.  Poore  (1972) 
studied  the  diets  of  a  single  species  (H.  iris)  from  two  widely 
differing  locations  and  concluded  that  the  floral  composition  has  a 
major  effect  on  the  abalone  diet,  which  varies  markedly  from  place 
to  place,  even  within  a  small  geographical  area.  Similarly.  Leigh- 
ton  and  Boolootian  ( 1963).  from  study  of  gut  contents  of  H.  crach- 
erodii,  a  common  littoral  inhabitant  of  rocky  southern  California 


and  Baja  California  shore  lines,  found  that  the  contents  largely 
reflected  the  flora  of  the  local  intertidal  zones. 

Our  results  show  that  for  green  abalone  along  Baja  California 
Sur,  both  brown  algae  (Sargassum  and  Eisenia)  and  red  algae 
(Ciyptopleura  and  Rhodymenia)  have  importance  as  food  plants. 
These  species  occurred  in  about  50%  of  the  content  samples  from 
Punta  Prieta  and  Las  Barrancas  and  about  807r  at  La  Bocana  and 
Punta  Abreojos  and  averaged  60%  at  all  sites.  Cox  (1962)  and 
Shepherd  and  Steinberg  (1992)  mentioned  that  brown  algae  pre- 
dominate in  the  diet  of  green  abalone.  Leighton  (1966)  conducted 
feeding  experiments  that  demonstrated  that  green  abalone  had  a 
distinct  preference  for  brown  algae,  in  particular.  Macrocystis  and 
Egregia.  The  second  species  is  the  diet  of  choice  for  culture  of 
green  abalone  (Leighton  et  al.  1981,  Leighton  1989).  The  only  red 
alga  tested  in  Leighton's  1966  study,  Gigartina  armata,  had  a 
relatively  low  preference  value. 

The  diet  an  abalone  consumes  in  the  field  must  be  seen  as  a 
compromise  between  the  need  to  consume  a  balanced  diet  and 
such  factors  as  food  availability,  avoidance  of  algae  with  chemical 
deterrents,  and  an  inability  to  consume  tough  food  (Fleming  1995). 
Where  feeding  studies  have  been  done  with  captive  green  abalone, 
algae  like  Padina  and  Sargassum  were  little  ingested  and  had 
relatively  limited  food  value.  The  same  is  true  of  the  red  alga 
Pterocladia  and  the  surf  grasses  Phyllospadix  spp.  (Leighton  pers. 
comm.)  This  study  suggests  that  controlled  feeding  and  growth 
experiments  and  in  vitro  digestibility  tests  should  be  conducted 
wherein  the  algae  found  in  abalone  gut  content  samples  may  be 
appropriately  evaluated  for  their  nutritive  value.  It  may  be  that  H. 
fulgens  in  the  southern  part  of  its  range  has  adapted  enzymatically 
and  may  use  some  of  these  algae  more  effectively  than  in  northern 
populations  (Serviere-Zaragoza  et  al.  1997).  Eisenia  is  a  fairly 
good  food,  and  where  it  predominates  in  drift  or  among  rocks  and 
is  available  to  the  abalone.  it  will  support  growth. 
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TRIPLOII)  INDUCTION  IN  PACIFIC  ABALONE  HALIOTIS  DISCUS  HANNAI  INO  BY 
6-DIMETHVLAMINOPURINE  AND  THE  PERFORMANCE  OF  TRIPLOID  JUVENILES 
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ABSTR.ACT  Pressure  shock,  thermal  shock,  and  cytochalasin  B  treatment  have  been  the  main  treatments  used  in  inducing  triploid 
gastropod.  In  this  study  6-dimethylaminopurine  (6-DMAP)  was  attempted  to  induce  triploid  in  Pacific  abalone,  Haliotis  discus  hannai 
Ino.  by  inhlbitmg  formations  of  either  polar  body  1  (pbl)  or  polar  body  2  (pb2).  Although  the  highest  triploid  (73.5%)  was  obtained 
by  blocking  pb2  for  15  min  with  a  6-DMAP  concentration  as  high  as  300  (J.M  (the  recommended  dose  for  triploid  induction  in  bivalve  I. 
no  veligers  could  survive.  At  the  ranges  of  75-150  jiM  6-DMAP.  blocking  pb2  for  20  min  resulted  in  higher  abnormalities  than 
blocking  ph2  for  15  min.  The  relative  survival  rate  was  higher  and  the  abnormality  was  lower  in  the  pb2  group  than  those  in  the  pbl 
group.  No  significant  difference  in  triploid  induction  (p  >  0.05)  was  found  both  between  15-  and  20-niin  treatments  and  between 
treatments  targeting  pbl  and  pb2  at  75-150  jjlM  6-DMAP.  At  6-DMAP  concentrations  of  75.  100,  125.  and  150  p.M.  in  groups  that 
blocked  the  pb  2  formation,  the  triploid  yields  (number  of  triploid  larvae/fertilized  eggs)  were  30.0.  46.0.  47.0.  and  54.0%  and  the 
relative  survivorships  at  the  trochophore  stage  were  96.8,  95.3,  94.8.  and  90.5%  for  15-min  treatments,  respectively.  The  triploid  yields 
were  30.1,  49.0,  51.2,  and  56.0%  and  the  relative  survivorships  at  the  trochophore  stage  were  95.8,  90.2,  88.5,  and  82.6%  for  20-min 
treatments,  respectively:  in  groups  that  blocked  pbl  for  15  min.  the  triploid  yields  were  30.4,  43.0,  46.6,  and  51.0%  and  the  relative 
.survivorships  at  the  trochophore  stage  were  70.6,  68.4,  68.0.  and  61.8%.  respectively.  The  shell  dimensions  of  triploids  and  controls 
were  measured  at  4  mo  postfertilization.  In  the  large-size  group  (1.2-1.3  cm),  differences  between  3n  and  2n  groups  in  both  dimensions 
and  weight  were  significant  (p  <  O.OI).  whereas  in  the  small-size  group  (0.7-0.8  cm),  no  significant  differences  were  found  in 
dimensions  (p  >  0.05).  but  they  were  found  in  total  weight  (p  <  O.OI).  Overall,  the  optimal  treatment  criteria  for  triploid  production 
In  Pacific  abalone  with  6-DMAP  appear  to  be  125-150  |j.M  for  15-20  min  at  500-600/mL  zygote  density  and  23.0°C. 

KEY  WORDS:     abalone.  triploid.  6-dimethylammopurlne  (6-DMAP) 


INTRODUCTION 

Pacific  abalone.  Haliotis  discus  hannai  Ino,  is  one  of  the  most 
\aluable  seafoods  in  the  Asian  market  and  has  been  farmed  in 
northern  China  for  many  years.  Abalone  are  now  the  major  marine 
products  in  this  area.  However,  in  recent  years,  abalone  farming 
has  dropped  tremendously  in  terms  of  scale  and  productivity.  De- 
terioration of  environments  and  disease  contamination  were  found 
to  be  the  main  reasons.  For  example.  80-90%  of  land-based  aba- 
lone hatcheries  in  Dalian,  China,  were  contaminated  by  disease  in 
1996,  which  caused  up  to  83-90'7f  mortalities. 

The  large-scale  abalone  mortality  happening  in  Dalian  might 
also  result  from,  in  addition  to  the  above-mentioned  reasons,  de- 
creases in  heterozygosity,  so  animals  becaine  more  sensitive  to 
environmental  changes  and  more  easily  attacked  by  the  pathogens. 
Triploid  animals,  especially  polar  body  1  (pbl)  triploids  should, 
theoretically,  have  higher  heterozygosity  than  their  diploid  sib- 
lings; therefore,  triploid  chromosome  manipulation  techniques 
would  provide  a  novel  approach  in  protection  against  disease. 
Chromosoine  engineering  such  as  polyploidy  induction  has  also 
been  considered  one  of  the  genetic  tools  that  could  improve  shell- 
fish production.  Chemical  (cytochalasin  B)  and  physical  (thermal 
and  pressure  shocks)  treatments  were  applied  shortly  after  fertil- 
ization for  triploid  induction  in  shellfish  (.Stanley  1981,  Stanley 
1984.  Allen  1987).  However,  the  methods  usually  result  in  low 
survival  rates  and  high  levels  of  aneuploid. 

Thermal  shock,  cytochalasin  B.  and  pressure  shock  were  ap- 
plied, respectively,  by  Aral  et  al.  ( 1986).  Wang  et  al.  ( 1990).  Rong 


et  al.  (1990).  Sun  et  al.  (1993).  and  Stepto  and  Cook  (1998)  to 
induce  triploid  in  Haliotis  discus  hannai  Ino.  Haliotis  diversicolor, 
and  Haliotis  midae.  Some  of  those  treatments  could  result  in  high 
percentages  of  triploids.  but  because  of  the  very  high  mortalities  in 
treated  animals,  none  of  those  methods  could  be  commercially 
used  in  triploid  abalone  hatcheries.  Recent  work  of  Desrosiers  et 
al.  (1993)  and  Gerard  et  al.  (1994)  showed  that  treatment  with 
6-dimethylaminopurine  (6-DMAP)  was  far  more  effective  than 
other  methods  in  generating  viable  triploid  oysters  (Crassostrea 
gigas)  and  mussels  {Mxtiliis  edulis).  The  effectiveness  of  this 
chemical  in  triploid  induction  in  abalone,  H.  discus  hannai  Ino,  is 
reported  in  this  article. 

MATERIALS  AND  METHODS 

Broodslock 

Pacific  abalone,  H.  discus  hannai  Ino,  about  6.5-8.0  cm  in  shell 
length,  were  collected  in  the  vicinity  of  coastal  Dalian.  The  ani- 
mals were  conditioned  for  80-100  days  at  20°C,  during  which  they 
were  fed  Laminaria  japonica.  and  the  effective  accumulation  tem- 
perature reached  1000-1200°D.  The  gonad  of  a  well,  mature  in- 
dividual is  gray-blue  in  color  in  feinales  and  milk-white  in  males, 
with  a  distinct  incise  between  gonad  and  alimentary  glands. 

Gamete  Collection  and  Insemination 

In  each  experiment,  gametes  froin  at  least  two  females  and 
several  males  were  collected  by  drying  the  broodstock  in  darkness 
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with  75-80%  moisture  first,  and  then  spawning  them  in  ultraviolet- 
(400-600  mw/h  per  L)  treated  seawater  and  raising  the  water  tem- 
perature to  3— 4°C  above  the  conditioning  temperature  (20°C). 
High-quahty  oocytes  are  round  and  even  blue  in  color,  with  a 
well-distributed  yolk  and  clear  membrane.  The  average  egg  diam- 
eter is  220  jjim;  the  average  yolk  diameter  is  180  \xm.  Successful 
fertilization  could  be  obtained  by  using  fresh  sperm,  which  could 
stand  erectly  on  the  egg  surface  when  checked  under  the  micro- 
scope. Sometimes,  a  preexperiment  fertilization  was  used  to  de- 
termine the  vigor  of  sperm.  Eggs  and  sperm  were  pooled  within  iO 
min  after  being  released  at  23°C. 

6-DMAP  Solution  Preparation 

The  commercial  product  of  6-DMAP  is  white  powder.  The 
stock  solution  used  in  this  study  was  prepared  in  1/100  (wt/vol) 
sterilized  filtered  seawater  1-2  h  before  the  commencement  of 
experiments  and  was  stored  at  4°C  in  a  refrigerator. 

Determination  of  Commencement  Times  and  Treatment  Duration 

Although  the  first  polar  body  could  be  found  as  early  as  8  min 
postfertilization  at  22.8-23.0°C,  45-50%  zygotes  released  their 
pbl  within  22  min.  Therefore,  6-7  and  20-22  min  postfertilization 
were,  respectively,  chosen  as  the  timings  of  the  commencements 
of  chemical  treatments  for  inducing  pbl  or  pb2  triploids.  On  the 
basis  of  the  observations  and  the  previously  published  data,  15-20 
min  exposure  durations  were  determined. 

The  time  when  sperm  was  added  to  the  suspension  of  eggs  was 
considered  as  the  start  of  the  experiment.  Eggs  and  sperm  were 
mixed  gently.  The  fertilized  eggs  were  equally  divided  into  bea- 
kers according  to  replicates  needed  in  each  experiment. 

Triploid  Induction 

In  the  first  experiment,  eggs  were  subjected  to  6-DMAP  at 
concentrations  of  150  mm,  300  |jiM,  and  450  |jlM.  Chemicals  were 
added  either  6-7  min  postfertilization  to  inhibit  pbl  formation  or 
20-22  min  postfertilization  to  retain  pb2.  Water  volume  was  in- 
dividually adjusted  before  6-DMAP  .solution  was  added;  the  bea- 
kers were  then  stirred  gently.  The  first  experiment  revealed  that 
Pacific  abalone  appeared  to  be  more  sensitive  to  6-DMAP  than 
bivalves,  so  6-DMAP  concentrations  were  reduced  to  75,  1 00,  1 25, 
and  150  p,M  in  the  later  experiments.  A  15-  or  20-min  treatment 
was  applied  in  all  experiments;  eggs  were  washed  with  clean  sea- 
water and  hatched  under  the  same  conditions  as  controls.  During 
treatments,  the  zygote  density  remained  at  200-600/mL,  and  the 
temperature  was  22.6-23.0"C. 

Rearing  of  iMnae  and  Juveniles 

After  treatment,  each  replicate  was  stocked  at  a  density  of 
30-50/mL  for  embryos,  5-8/mL  for  trochophore  larvae,  and  4-5/ 
niL  for  veliger  larvae.  At  about  65  h  postfertilization  at  20°C,  the 
eyed  larvae  were  settled  on  the  transparent  waved  polyethylene 
plates  (42  x  33  cm),  which  were  preplanted  with  benthic  diatoms 
and  turned  to  brown-yellow  in  color.  The  settlement  plate  density 
was  kept  consistently  al  80/nr,  and  4.0— f. 8  (xK)'')  healthy  eyed 
larvae  were  used  for  setlleiiienl  in  each  replicate. 

Juvenile  abalone  were  kept  on  the  transparent  plates  for  2  mo, 
until  they  reached  a  size  of  4-5  mm  in  shell  length;  they  were  then 
transferred  to  the  black  waved  plates  for  growout  until  the  animals 
were  about  1.5-2.0  cm  in  shell  length.  Juveniles  from  treated  and 
control  groups  were  maintained  under  the  .same  conditions. 


Ploidy  Verification 

Twelve  to  15  h  postfertilization.  trochophore  larvae  swimming 
in  water  were  selected  and  placed  in  a  0.01%  colchicine  solution 
for  0.5-1.0  h  and  then  subjected  to  a  hypotonic  treatment  for  I  h 
with  0.075M  KCl  and  fixed  in  four  changes  of  Camoy  solution 
(3:1.  methanokacetic  acid)  at  15-min  intervals.  The  samples  were 
stored  at  4°C  overnight  in  a  refrigerator.  Cell  suspension  was  made 
by  replacing  Carnoy  suspension  was  made  by  replacing  Carnoy 
solution  with  50%  acetic  acid  and  shaking  heavily.  The  suspension 
was  then  dropped  onto  a  warmed  (48-52°C)  microscope  slide,  air- 
dried,  and  stained  in  4%  Giemsa  solution  (pH  6.8)  for  30-60  min. 
According  to  Aral  et  al.  ( 1986),  diploid  chromosome  number  of  H. 
discus  hannai  Ino  is  36.  The  following  ploidy  classification  was 
applied  in  this  study:  metaphase  spreads  with  about  36  chromo- 
somes were  classified  as  diploid;  those  with  52-54  chromosomes 
were  classified  as  Iriplold  (Fig.  1).  A  total  of  80-100  metaphase 
spreads  were  counted  in  each  replicate. 

Formulations 

Fertilization  rates  and  survivorship  at  trochophore  and  veliger 
stages  were  calculated.  Deformed  trochophores  or  trochophores 
with  irregularly  divided  cells  were  counted  as  abnormal. 

Fertilization  rate  (FR)  =  fertilized  eggs/total  eggs  (100%). 


FiRure  1.  (A)  \  nulaphasi'  of  coninicrcial  (2N  =  36),  (B)  A  metaphase 
of  chromosome  (.'N  =  54 1. 
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TABLE  1. 

The  induction  ol  triploid  in  //.  discus  lianmii  Ino  by  6-DMAP  in  nieicsis  II  lasting  15  niin  (fertilized  rate  is  52.1%,  treated  density  is 

140-250/mL,  and  hatchery  density  of  zygote  is  30-55/mL). 


6-DMAP 

(mM) 

Trochophore  Larvae 

E.  VeUger 

SR 

RSR 

AR 

RAR 

TV 

SR                      RSR 

150 

44.2  ±  1.5 

74.4 

52.5  ±  5.y 

106.9 

55.9 

22.5  ±2.1                    66.9 

300 

42.1  ±0.4 

63.7 

93.2  ±1.3 

189.8 

73.5 

—                          — 

450 

2.0  ±2.8 

3.0 

100.0  ±0.0 

203.7 

— 

—                          — 

Control 

66.1  +3.5 

100.0 

49.1  ±3.5 

lon.o 

0.0 

33.6  ±5.1                 100.0 

P.  Veliger 
RSR 


69.6 


100.0 


Sur\i\al  rate(SR)  =  trochophore  or  \eligeriHimbers/tertilized 
eggs  (1009f). 

Relative  survival  rate  (RSR)  =  survival  rate  of  each  replicate/ 
survival  rate  of  control  (100%). 

Veliger  survivorship  =  veliger  number/trochophore  number 
(\009c). 

Abnormal  trochophore  rate  (AR)  =  abnormal  trochophore  lar- 
vae/I normal  trochophore  +  abnormal  trochophore)  (lOO'/f ). 

Relative  abnormal  rate  (RAR)  =  abnormal  rate  of  treated 
group/abnormal  rate  of  control  (100%). 

Triploid  yield  (TY)  =  N,„/N,„  +  N2„  (100%). 

N,n  is  the  number  of  metaphase  chromosomes  of  triploids.  and 
N2n  is  the  number  of  chromosomes  of  diploids. 

RESULTS 

Effect  of  6-DMAP  Concentration  on  Triploid  Induction  by  Blocking 
Meiosis  II  Division  for  15  min 

At  concentrations  of  150,  300,  and  450  \iM.  the  normal  veliger 
larvae  were  found  in  the  150  \iM  group  and  their  relative  survival 
rate  was  66.9%.  In  the  other  two  groups,  only  2.9%  of  fertilized 
eggs  reached  the  trochophore  stage  in  the  300  tj.M  group  and  no 
normal  trochophore  lar\ae  were  found  in  the  450  jj.M  group.  The 
triploid  yields  were  55.9  and  73.5%  in  the  150  and  300  p.M 
6-DMAP  groups,  respectively  (Table  1 ). 

With  increases  of  concentrations  form  75  to  150  \i.M.  the  trip- 
loid yields  increased  from  30.0  to  55.1%,  whereas  the  relative 
survival  rates  of  veligers  remained  more  than  77.2%  (Table  2).  The 
increases  of  triploid  yields  were  16.0%  from  75  to  100  |jlM  treat- 
ments, only  1.0%  from  100  to  125  |xM  treatments,  and  7.0%  from 
125  to  150  \iM  treatments. 

Effect  of  6-DMAP  Concentration  on  Triploid  Induction  by  Blocking 
Meiosis  II  Division  for  20  min 

At  a  given  6-DMAP  concentration,  treatments  lasting  for  20 
min  resulted  in  higher  triploid  yields  but  lower  survival  rates  than 


did  treatments  lasted  for  15  min.  The  number  of  abnormal  larvae 
in  the  20-min  group  was  10.07f  higher  than  that  in  the  15-min 
group  (Table  3).  As  in  the  15-min  groups,  triploid  yields  also 
depended  on  concentrations  of  6-DMAP.  From  75  to  100  jjiM.  the 
increment  of  triploid  yield  was  18.9%.  which  was  the  biggest 
increase  between  groups  treated  with  chemicals  at  the  other  con- 
centrations. Comparison  of  triploid  yields  and  relative  survival 
rates  of  postveligers  revealed  significant  differences  (p  <  0.01) 
between  treatments  with  different  6-DMAP  concentrations,  but  no 
significant  differences  (Argopecten  purpuratus  >  0.05)  between 
treatments  with  the  same  6-DMAP  concentration  for  different  du- 
rations (15  or  20  min).  The  relative  survival  rate  decreased  4.8% 
from  the  15-  to  the  20-min  treatments,  whereas  relative  abnormal- 
ity increased  37.0%.  The  relative  sur\ivorships  were  almost  the 
same  at  early  veliger  stage  in  both  15-  and  20-min  treatments  at  the 
given  concentration,  but  5.1%  higher  in  15-min  treatments  than 
that  in  20-min  treatments  at  the  postveliger  stage. 

Effect  of  6-DMAP  Concentration  on  Triploid  Induction  by  Blocking 
Meiosis  I  Division  for  15  min 

Except  at  75  |j.M  6-DMAP.  at  other  given  concentrations,  the 
triploid  percentages  resulted  from  blocking  meiosis  1  division  was 
lower  than  that  from  blocking  meiosis  II  division.  The  relative 
survival  rate  of  the  pbl  triploid  group  was  26.9%  lower  and  the 
abnormal  rate  was  8.18  times  higher  than  those  of  pb2  triploid 
group.  The  relative  survival  rates  at  early  and  postveliger  stages 
were  only  2.5  and  27.2%  of  those  from  meiosis  II  treatments 
(Table  4). 

Comparison  of  the  Effects  of  Different  Egg  Densities  on 
Triploid  Yields 

No  positive  correlation  was  found  between  triploid  percentages 
produced  and  different  egg  densities  (150-500/mL)  at  the  given 
chemical  concentrations.  Differences  in  survivorship,  relative  sur- 


TABLE  2. 
The  induction  of  triploid  in  H.  discus  hannai  Ino  by  6-D>L\P  in  meiosis  II  lasting  15  min  (fertilized  rate  is  71.2%). 


6-DMAP 

(pM) 

Frochophore  Larvae 

E. 

Veliger 

P.  Veliger 

SR 

RSR 

AR 

RAR 

TY 

SR 

RSR 

RSR 

75 

65.5  ±4.8 

96.9 

6.6  ±  6.5 

103.1 

30.0 

76.8  ±  10.3 

89.3 

96.8 

100 
125 

64.1  ±4.6 
64.1  ±5.2 

94.3 
94.8 

7.4  ±7.8 
9.3  ±  5.6 

115.6 
145.3 

46.0 
47.0 

74.1  ±8.4 
73.3  ±  8.3 

86.1 
85.2 

95.3 
94.8 

150 

Control 

61.2  ±6.4 
67.6  ±4.7 

90.5 
100.0 

7.1  ±6.3 
6.4  ±5. 1 

110.9 
1 00.0 

54.0 
0.0 

66.4  ±  7.3 
86.0  ±  3.4 

77.2 
100.0 

90.5 
100.0 
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TABLE  3. 
The  induction  of  triploid  in  H.  discus  haimai  Ino  by  6-DMAP  in  meiosis  II  lasting  20  min 


6-DMAP 

Trochophore  larvae 

E.  \ 

.eliger 

P.  veliger 

(JiM) 

SR 

RSR 

AR 

RAR 

TV 

SR 

RSR 

RSR 

75 

79.4  +  4.1 

95.9 

14.2  ±7.9 

124.6 

30.1 

82.7  ±  10.3 

89.4 

95.8 

100 

74.7  ±4.8 

90.2 

18.1  ±6.1 

158.8 

49.0 

81.4  ±3.7 

88.0 

90.2 

125 

73.3  +  7.4 

88,5 

19.4  ±5.1 

170.2 

51.2 

77.5  ±  6.0 

83.3 

88.5 

150 

68.4  ±7.2 

82.6 

19.3  +  5.0 

169.3 

56.0 

75.2  ±11.2 

81.3 

82.6 

Control 

82.8  ±  5.2 

100.0 

11.4  ±5.5 

100.0 

0.0 

92.5  ±  7.3 

100.0 

100.0 

vivorship,  and  abnormality  seemed  dependent  on  the  fertilization 
rates  only  (Table  5). 

Comparison  of  the  Developmental  Speeds  Between  Treated  and 
Control  Groups 

The  development  of  treated  embryos  was  slower  than  that  of 
control  embryos  (Table  6). 

Effects  of  6-DMAP  Treatments  on  Growth  of  Juvenile  Ahalone 

In  the  first  after  treatments,  the  growth  rale  (54.1  jxm/day)  in 
shell  length  of  treated  group  was  still  slower  than  that  in  control 
(59.1  |jim/day)  and  showed  a  significant  difference  (p  <  0.01).  The 
growth  rate  in  shell  width  of  the  treated  group  was  similar  to  that 
of  the  shell  length  (Table  7). 

Four  months  postfertilizalion.  the  growth  rates  in  both  treated 
and  control  groups  were  calculated  again.  In  large-size  groups 
(1.2-1.3  cm),  triploid  and  diploid  abalone  showed  a  significant 
difference  (p  <  0.01)  in  all  dimensions  and  weights.  In  small-size 
groups  (0.7-0.8  cm),  however,  no  significant  difference  (p  <  0.01 ) 
was  found  between  triploid  and  diploid  groups  in  their  dimensions, 
but  differences  were  found  in  total  weights  (Table  8).  Comparisons 
between  Tables  6.  7,  and  8  revealed  that  the  growth  rates  in  triploid 
groups  were  slower  than  those  in  controls  at  the  early  stage, 
whereas  at  the  later  stage,  the  mean  shell  dimension(s)  of  triploid 
groups  were  significant  longer  than  those  of  diploid  siblings  in 
large-size  groups. 

DISCUSSION 

Cytochalasin  B  is  one  of  the  most  important  chemicals  in  oyster 
polyploidy  induction  and  has  been  extensively  used  in  shellfish 
chromosome  manipulations.  Although  cytochalasin  B  could  in- 
duce as  high  as  100%  triploids  in  some  experiments  (Allen  et  al. 
1982,  Downing  and  Allen  1987,  Wang  et  al.  1990.  Nell  et  al.  1996, 


Stepto  et  al.  1998),  its  high  toxic  nature  and  expense  impede  its  use 
in  commercial  hatcheries.  High  mortality  of  larvae  (about  85- 
907f )  after  treatment  is  another  consideration.  Therefore,  new 
approaches  that  should  be  inexpensive,  nontoxic,  and  consistent 
with  high  percentage  of  triploid  yields  are  needed,  especially 
new  chemicals  and  comprehensive  techniques.  C.  gigas  may 
produce  more  than  40-50  million  eggs  by  strip  spawning  a 
2-y-old  oyster.  Therefore.  W/c  survivorship  after  cytochalasin  B 
treatment,  the  common  cases  in  most  experiments,  could  be  toler- 
ated in  hatcheries.  Pacific  abalone,  on  the  other  hand,  could  not  be 
strip  spawned.  A  7-8  cm  female  abalone  could  produce  only  0.8- 
1.2  million  eggs  in  a  spawning  season,  even  after  70-80  days 
conditioning  in  the  hatchery.  Without  any  treatments,  the  survival 
rale  of  abalone  from  zygotes  to  juveniles  about  1.0  cm  in  shell 
length  is  usually  less  than  10.0%.  If  eggs  are  treated  with 
cytochalasin  B,  the  survivorship  will  drop  to  1-5%  (or  less)  at  as 
eariy  as  veliger  stages  (Wang  et  al.  1990).  Therefore,  techniques 
of  including  triploid  abalone  by  the  use  of  cytochalasin  B 
could  hardly  be  applied  in  commercial  scales.  The  results 
from  this  study  suggested  that  the  6-DMAP  technique  could 
overcome  the  above-mentioned  disadvantages  in  triploid  induc- 
tion and  thus  meet  the  large-scale  requirement  in  abalone  indus- 
tries. 

pbl  Triploids  should,  theoretically,  have  higher  heterozygosity 
than  their  pb2  triploid  and  diploid  siblings;  therefore,  they  should 
be  very  useful  in  aquaculture  (Stanley  et  al.  1984).  In  this  study, 
however,  no  high  performances  were  found  in  pbl  triploids. 
In  addition,  at  optimal  6-DMAP  concentrations  (125-150  mM), 
the  relative  abnormalities  of  pbl  triploids  increased  to  1,317- 
1,625%,  which  were  much  higher  than  those  of  pb2  triploids. 
Therefore,  as  in  oysters.  pb2  triploid  techniques  would  be  the 
potential  methods  that  could  be  used  in  large-scale  triploid  pro- 
ductions in  abalone. 

As  in  a  previous  report  on  bivalves  (Desrosiers  et  al.  1993), 
increasing  periods  of  incubation  with  6-DMAP  also  improved  the 


TABLE  4. 
The  induction  of  triploid  in  H.  discus  hannai  Inn  by  6-DMAP  in  nieiosi.s  I  lasting  15  min 


6-DMAP 

Trochophore  larvae 

E. 

veliger 

P.  veliger 

(pM) 

SR 

RSR 

AR 

RAR 

TY 

SR 

RSR 

RSR 

75 

56.6  ±  16.6 

70.6 

11.0  ±0.2 

282.1 

30.4 

85.8  ±  6.6 

92.7 

70.6 

100 

.54.8  ±  16.8 

68.4 

25. S+  14.2 

661.5 

43.0 

78.9  ±  1.8 

85.2 

68.4 

125 

.54.5  ±  12.5 

68.0 

514  ±  19.8 

1 3 1 7.9 

46.6 

77.8  ±  10.9 

84.0 

68.0 

150 

49.5  ±  13.7 

6 1. 8 

63.4  ±  15.9 

1625.6 

51.0 

724  ±8.4 

75.7 

61.8 

Control 

80.1  +8.7 

100.0 

3.9  +  4.4 

100.0 

0.0 

92.6  +  2.6 

100.0 

100.0 

Tru'lou)  Induction  in  Pacific  Abalone 
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TABLE  5. 
The  induction  of  triploid  in  H.  discus  haniiui  I  no  by  6-DMAP  in  meiosis  II  lasting  15  min  in  different  treated  densities. 


6-DMAP 

(fiM) 

DT* 

Trochophore 

Larvae 

E. 

Veliger 

P. 

Veliger 

(egg/mL) 

FR 

SR 

AR 

TV 

SR 

RSR 

150 

150 

52.1 

48.5 

48.3 

45.2 

55.1 

53.9 

150 

250 

52.1 

50.4 

56.7 

66.7 

71.3 

69.2 

150 

500 

71.2 

51.2 

7.1 

54.0 

77.2 

90.5 

*  DT,  density  of  trealmenl. 


production  of  triploid  eggs  in  Pacific  abalone.  However,  when 
the  eggs  were  exposed  to  6-DMAP  for  periods  of  time  covering 
all  of  the  meiosis  II  and  overlapping  the  first  mitotic  division 
in  the  control,  the  proportion  showing  abnormal  chromosome 
behavior  increased  and  survival  decreased  sharply.  These  results 
suggest  that  a  high  percentage  of  triploids  and  good  yield  of 
normal  larvae  may  be  obtained  after  exposure  to  6-DMAP  for 
a  period  of  incubation  that  is  shorter  than  the  duration  of  meiosis 
II. 

The  purine  analog  6-DMAP  was  initially  used  as  a  cleavage 
inhibitor  in  sea  urchin  eggs  (Rebhun  et  al.  1973).  Recent  studies  on 
6-DMAP  have  demonstrated  that  the  drug  exerts  its  actions  on 
protein  phosphorylation,  microtubule  organization,  metaphase 
spindle  formation,  and  cortical  filament  organization  in  different 
animals  (Dufresne  el  al.  1991.  Rime  et  al.  1989,  Szollosi  et  al. 
1991).  These  cellular  effects  can  explain  how  the  triploidy  state 
can  be  induced  by  blocking  chromosome  movement  and  extrusion 
of  polar  bodies  by  6-DMAP. 

Comparison  between  methods  used  in  previous  studies  and 
methods  used  in  this  study  clearly  reveals  that  treatment  with 
6-DMAP  is  the  most  simple,  inexpensive,  and  efficient  technique 
to  induce  triploidy  in  abalone.  6-DMAP  treatment  does  not  require 
expensive  or  specialized  equipment.  6-DMAP  is  water  soluble  and 
can  be  easily  washed  out  in  seawater  after  the  treatment.  6-DMAP 
is  safer  than  cytochalasin  B,  which  is  known  to  be  a  carcinogenic 
product.  Treatment  with  6-DMAP  in  abalone  was  as  effective  as  in 
bivalves  (Desrosiers  et  al.  1993.  Gerard  et  al.  1994),  Therefore, 
6-DMAP  should  be  an  efficient  and  safe  alternative  method  to 
induce  triploidy  with  a  high  potential  in  commercial  aquaculture  in 
abalone. 

The  best  yield  of  6-DMAP  to  produce  triploid  abalone  was 
73,5%,  which  is  slightly  lower  than  that  to  produce  triploid  bi- 

TABLE  6. 

The  developmental  comparison  between  the  treated  and  control 
groups  of  H.  discus  hannai  Ino  (22  ±  0.5). 


D 


T(h) 


Group 


Developing  Rate 

(%) 


2  Cells 
4  Cells 
Archenteron 
Trochophore 


1.05 

1.35 

8.15 

12..W 


Treated 
Control 
Treated 
Control 
Treated 
Control 
Treated 
Control 


45,4 
64.3 
40.3 
49.0 
43.5 
47.2 
43.0 
47.9 


valves  (Desrosiers  et  al.  1993.  Gerard  et  al.  1994).  The  main  rea- 
son for  lower  triploid  yields  in  this  research  could  result  from  the 
eggs,  which  were  not  well  synchronized,  because  the  efficiency  to 
induce  triploid  depends  on  the  synchrony  of  meiosis  in  the  eggs 
(Downing  and  Allen  19871.  the  time  of  initiation,  and  the  duration 
of  treatments  (Desrosiers  et  al.  1993). 

In  Pacific  abalone,  the  optimal  6-DMAP  concentrations  for 
triploid  induction  are  much  lower  than  those  recommended  for 
bivalves.  For  example,  the  relative  abnormalities  at  trochophore 
stages  were  as  high  as  93.29i-  at  300  niM  6-DMAP  and  100.0%  at 
450  mM.  although  the  doses  were  within  the  optimal  ranges  sug- 
gested for  oyster  ploidy  manipulations.  At  a  concentration  of  150 
mM  the  performance  of  abalone  larvae  improved  tremendously, 
the  survival  and  relative  survival  at  trochophore  stage  increased  to 
49.2  and  74.4%.  respectively,  and  the  relative  postveliger  survival 
remained  at  69,6%,  The  abalone  industries  in  China  have  already 
shown  much  interest  in  the  methods. 

The  high  survivorship  of  juveniles  expressed  in  treated  groups 
remained  to  at  least  4-mo-old  abalone.  At  125-150  niM  6-DMAP, 
the  survival  rate  from  shell  sizes  of  3—+  mm  in  length  to  10-12  mm 
was  about  1-5%  in  controls,  whereas  it  was  30.0-35.0%  in  treated 
groups. 

Unlike  oysters,  in  which  the  growth  rate  of  triploid  and  diploid 
larvae  is  generally  similar  (Downing  and  Allen  1987),  the  growth 
rates  of  abalone  larvae  and  early  juveniles  in  treated  groups  were 
lower  than  those  in  controls.  At  20,0°C,  47.2%  of  the  embryos  in 
control  groups  reached  archenteron  8.25  h  postfertilization, 
whereas  only  43.5%  in  treated  groups  turned  up  at  this  stage  at  the 
same  time.  The  slight  difference  might  result  from  the  prohibition 
of  development  in  treated  groups.  However,  this  situation  changed 
4  mo  later;  triploid  groups  showed  faster  increases  in  both  shell 
dimensions  and  total  weight.  The  bigger  the  size  of  the  groups,  the 
faster  the  triploids  grew. 

Much  of  the  utility  of  triploid  shellfish  to  aquaculturists  or  to 
fisheries'  managers  is  a  consequence  of  their  sterility  or  semiste- 
rility, which  precludes  the  possibility  of  unwanted  reproduction 

TABLE  7. 

The  comparison  of  early  growth  between  the  treated  for  triploid 
and  control  groups  of  H.  discus  hannai  Ino  that  settled  on  May  13 

(n  =  2(l). 


Group 


Item 


2/6 


5/6 


13/6 


Treatment 

SL  ((xm) 

785.4  ±  53.9 

1 .035.4  ±  92.0 

SW  ((xm) 

710.8  ±64.3 

956.9  ±81.1 

Control 

SL  (fjLm) 

902.9  ±  64.5 

1.154.6  ±  117.2 

SW  (^m) 

824.0  +  71.5 

1,056.4+  125.7 

1.358.0+  108.1 


1,552.7  ±  173.0 


Note:  D,  developmental  stage;  T,  time  of  postfertilization. 


Note:  SL,  shell  length;  SW,  shell  width. 
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TABLE  8. 
The  comparison  of  growth  in  triploid  treated  and  control  groups  of  H.  discus  haniiai  Ino  rearing  for  ahout  4  mo  In  =  30  for  each  group). 


Shell  Length 

Shell  Width 

Shell  Thickness 

Total  Weight 

Group 

(cm) 

(cm) 

(cm) 

<g) 

3N 

Group  1 

1.37  ±0.12 

0.95  ±  0.08 

0.23  ±  0.04 

0.38  ±0.14 

Group  2 

0.82  ±  0.22 

0.58  ±0.13 

0.15  ±0.04 

0.09  ±  0.06 

2N 

Group  1 

L27±0.12 

0.89  ±  0.09 

0.21  ±0.03 

0.29  ±0.10 

Group  2 

0.78  ±0.1 5 

0.55  ±0.11 

0.14  ±0.04 

0.08  ±  0.03 

(3N-2N)/2N 

Group  1 

7.87% 

6.74% 

9.52% 

34.48% 

Group  2 

.\13'^r 

5.459c 

7.14% 

I2..50% 

because  they  produce,  theoretically,  aneuploid  gametes.  The  ma- 
ture individuals  show  fast  growth  and  high  quality  of  meat  in  the 
reproductive  season.  However,  juvenile  triploid  abalone  produced 
in  this  study  began  to  show  better  performance  in  growth  than 
did  diploid  controls  at  about  1  cm  in  shell  length.  The  advantages 
of  triploid  groups  could  result  from  the  relatively  high  heterozy- 
gosity of  the  triploid  itself  or  from  the  selection  effects  of  a  chemi- 
cal on  individuals  or  both.  Zygotes  sensitive  to  chemical  treat- 
ments stopped  development  or  became  abnormal,  whereas  the 
remaining  were  triploids  and/or  selected  zygotes.  Animals  devel- 
oped from  those  zygotes  might,  therefore,  have  greater  vigor  and 
thus  the  ability  to  withstand  environmental  variability  at  juvenile 
stage. 
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ISOLATION,  CLONING,  AND  EXPRESSION  OF  A  DNA  SEQUENCE  ENCODING  AN 
EGG-LAYING  HORMONE  OF  THE  BLACKLIP  ABALONE  (HALIOTIS  RUBRA  LEACH) 


LING  WANG  AND  PETER  J.  HANNA 

School  of  Biological  and  Chemical  Sciences 
Dcakin  University 
Geelong,  3174.  Australia 

ABSTRACT  Egg  laying  in  the  two  gastropods.  Aplysia  califoniica  and  Lynmaea  stagnalis.  has  been  shown  to  he  a  physiological 
hormone  response  to  e.xpression  of  genes  located  in  neural  ganglia.  These  honnone-producing  genes  had  been  previously  cloned  and 
provided  for  DN.^  probes  and  polymerase  chain  reaction  (PCR)  primers  to  be  made  for  the  identification  and  amplification  of  an 
abalone  DNA  encoding  an  egg-laying  hormone  (aELH).  PCR  amplification  of  genomic  blacklip  abalone  DNA  with  Pfii  polymerase, 
and  subsequent  DNA  sequencing,  showed  a  sequence  relating  to  an  aELH.  PCR  was  then  performed  to  amphfy  this  sequence  and  add 
5'BamHl  and  3'£coRI  sites.  A  double-digested  PCR  product  was  cloned  into  a  pGEX-2T  expression  vector  for  high-level  expression 
of  aELH.  as  a  fusion  protein  with  glutalhione-5-transferase.  This  fusion  product  was  purified  and  cleaved  to  release  aELH.  which  is 
being  tested  in  bioassays  on  various  abalone  species,  as  well  as  being  used  to  produce  antibodies  for  physiological  studies.  The  aELH 
gene  had  5  base-pair  differences  {95.4'7r  homologous)  with  an  analogous  gene  in  L  sragnalis.  and  in  regard  to  the  deduced  amino  acid 
sequence,  the  abalone  had  only  1  of  36  different  (97.2%  homologous).  Homology  to  the  equivalent  sequences  in  A.  califoniica  was 
5 1 .9  and  47.2'^r,  respectively.  These  data  infer  that  the  genes  relating  to  egg  laying  in  some  gastropods  are  highly  conserved,  and  further 
abalone  species  are  being  investigated. 
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INTRODUCTION 

Hormonal  control  of  egg-laying  behavior  in  the  gastropod  mol- 
luscs. Aplysia  californica  and  Lynmaea  stagnalis.  has  been  well 
documented  (Joosse  and  Geraerts  1983,  Joosse  1988).  In  particu- 
lar, the  control  of  egg  laying  in  both  species  is  known  to  be 
controlled  by  related  super-gene  families  that  encode  prohormones 
that  are  cleaved  proteolytically  into  a  number  of  peptides.  Of  these, 
peptides  of  36  amino  acids  have  been  implicated  as  the  main 
egg-laying  hormones. 

In  A.  califoniica.  the  peptides  associated  with  egg-la\ ing  be- 
havior are  released  from  bag  cells  (BCs)  of  the  abdominal  ganglia 
(Scheller  et  al.  1982.  Nagle  et  al.  1988a,  Nagle  et  al.  1988b). 
Although  the  egg-laying  hormone  (ELH)  gene  is  primarily  ex- 
pressed in  BCs.  where  it  constitutes  approximately  50'7f  of  the  total 
cellular  protein,  it  is  also  expressed  in  small  populations  of  neu- 
rones situated  in  the  cerebral  and  pleural  ganglia.  Other  members 
of  the  ELH  family  are  expressed  in  a  tissue-specific  manner  (Ma- 
hon  and  Scheller  1983.  Mahon  et  al.  1985,  Nagle  et  al.  1994).  The 
36-amino-acid  ELH  is  produced  from  cleavage  of  a  271-amino- 
acid  precursor  protein  and  is  released  into  the  circulation,  where  it 
can  travel  to  distant  target  sites  (Chiu  et  al.  1979,  Newcomb  et  al. 
1988,  Newcomb  and  Scheller  1990). 

In  L.  stagnalis.  egg  laying  is  initiated  and  coordinated  by  re- 
lease of  peptides  from  caudodorsal  cells  (CDCs)  of  the  cerebral 
ganglia  (Geraerts  et  al.  1988).  One  of  these  peptides  is  an  ovulation 
and  egg-laying-inducing  hormone  composed  of  36  amino  acids 
and  has  been  termed  the  caudodorsal  hormone  (CDCH)  (Ebberink 
et  al.  1985). 

Molecular  studies  have  shown  strong  homologies  in  DNA  se- 
quences of  the  ELH  and  CDCH  super-family  genes,  as  well  as 
some  of  their  expressed  peptides  (Geraerts  et  al.  1988).  In  particu- 
lar, there  is  a  51%  homology  between  the  primary  structure  of 
ELH  and  CDCH.  and  both  peptides  are  amidated.  However,  there 
are  notable  differences.  In  the  first  and  last  series  of  regions  (se- 
quences I-I2  and  29-36),  a  homology  of  about  60%  exists,  and  in 
the  middle  region  (sequence  13-28),  there  is  only  a  homology  of 


25%.  It  has  been  suggested  that  the  binding  site  for  the  ELH 
receptor  involves  a  positive  charge,  which  is  in  the  middle  region 
(sequence  19-23),  whereas  this  region  for  CDCH  has  a  net  nega- 
tive charge  (Vreugdenhil  et  al,  1988). 

Relatively  little  is  known  about  the  presence  of  egg-laying 
genes,  and  hormones,  in  abalone.  The  cerebral  ganglia  of  abalone 
are  connected  by  a  long  commissure  and  have  connectives  to  the 
buccal,  pleural,  and  pedal  ganglia  (Dorsett  1986.  Hahn  1992). 
Injection  of  homogenates  of  pleuropedal  and  visceral  ganglia  have 
resulted  in  increased  body  weight  and  subsequent  spawning  of 
large  numbers  of  fertilizable  eggs  (Yahata  1973).  Studies  of  the 
cerebral  ganglia  of  the  Japanese  abalone,  Haliolis  discus  liannai. 
have  shown  the  presence  of  four  types  of  nerve  cells  (A.  B,  C,  and 
D).  of  which,  neurosecretory  activity  associated  with  egg  produc- 
tion was  only  found  in  Cell  Types  A  and  B  (Yahata  1971,  Hahn 
1994). 

This  report  describes  the  identification  and  characterization  of 
genomic  DNA  relating  to  an  abalone  ELH  (aELH)  in  Haliotis 
rubra,  the  Australian  blacklip  abalone.  As  well,  it  gives  the  results 
of  the  subsequent  cloning  of  an  aELH  gene  and  in  vitro  production 
of  an  aELH  with  a  bacterial  expression  system. 

MATERIALS  AND  METHODS 

Abalone  Genomic  DNA  Extraction 

Approximately  1  g  of  fresh  female  abalone  foot  muscle  was 
used  for  each  extraction.  After  adding  10  mL  of  lysis  buffer  con- 
taining 10  mM  Tris-HCl.  0.1  M  EDTA.  0.5%  sodium  dodecyl 
sulfate  (SDS).  and  0.1  mg  of  RNase  A.  the  mixture  was  incubated 
at  'il°C  for  about  1  h;  then.  1  mg  of  proteinase  K  (Boehringer 
Mannheim)  was  added  and  the  mixture  was  incubated  at  55°C  for 
several  hours,  until  the  tissue  dissolved.  The  DNA  was  then  ex- 
tracted by  the  standard  phenol/chloroform  method,  concluding 
with  precipitation  and  washings  with  ethanol.  The  DNA  was  fi- 
nally pelleted  by  centrifugation,  dried  under  vacuum,  dissolved  in 
TE  buffer  overnight  at  4°C.  and  then  stored  at  -20°C. 
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Polymerase  Chain  Reaction  Conditions 

The  amplification  of  abalone  genomic  DNA  was  performed  by 
polymerase  chain  reaction  (PCR)  in  a  DNA  thermal  cycler  (Perkin 
Elmer  Cetus),  for  30  cycles  of  94°C.  45-60°C  (depending  on 
primers),  and  then  72".  An  additional  extension  at  72°C  for  3  min 
was  performed  after  the  last  cycle  to  ensure  complete  synthesis. 
The  proofreading  and  thermostable  DNA  polymerase,  Pfu.  was 
used  throughout. 

Three  degenerate  primers,  designed  from  relatively  conserved 
regions  of  known  ELH  gene  precursors  of  both  Lymnaea  and 
Aplysia.  were  used  for  amplification  of  abalone  genomic  DNA 
fragments.  The  sequences  of  the  three  primers  were  as  follows: 


CDCH-1.  sense,  33-mer.  T„, 


94-102  C 


3 '  -CCG  AG  ACT(  A/G )( C/A  )Gl  C/G  jTTCTATTC  AC(T/G  )T-(  G/C  )- 
G(C/A)AAAGGA-3', 

CDCH-2,  sense.  26-mer,  T",,,  =  72-78°C 

5 '  -CAA  ACG  A(  A/C  )TTTC(  C/G  )ATCA{  A/C  )CCATGA(C/TC-3 ' 

CDCH-3,  aniisense,  21  mer,  T,„  =  62-68°C 

3'-CC(G/T)TTATC(C/A)(C/T)CAAGA(C/G)CGCTC-3' 

In  relation  to  the  CDCH  cDNA  sequence,  the  positions  of  these 
primers  were  at  621-654.  775-801,  and  908-929  base  pairs  (bp). 
respectively,  charge  (Vreugdenhil  et  ai.  1988).  Therefore,  it  was 
anticipated  that  these  primers  would  produce  two  abalone  genomic 
DNA  PCR  products  of  308  bp  from  CDCH- 1  and  CDCH-3  (des- 
ignated PAF-1)  and  154  bp  from  CDCH-2  and  CDCH-3  (desig- 
nated PAF-2).  both  of  which  should  contain  a  sequence  encoding 
an  aELH.  Primers  used  for  amplifying  inserts  and  sequencing  were 
standard  vector  primers. 

Hybridization  Probe  for  an  ELH 

A  cDNA  clone  of  the  CDCH  preprohormone  niRNA.  con- 
structed in  the  plasmid  vector  pBluescript  II  SK  (+I-).  was  kindly 
provided  by  Dr.  Guus  Smit  (Biological  Lab.  Vrije  University.  The 
Netherlands).  The  CDCH  cDNA  was  amplified  by  the  PCR 
method  with  T3  and  T7  vector  primers,  and  the  PCR  products  were 
radiolabeled  with  '"P  by  a  random  priming  system.  Prime-a-Gene 
(Promega).  according  to  the  manufacturer's  instructions.  The  ra- 
dioisotope |a-'~PldATP  (3.000  Ci/mmol)  was  supplied  by 
Bresatec. 

Dot  blots  of  genomic  DNA  samples  (5-50  p,g).  or  Southern- 
transfeiTed  PCR  products,  on  Hybond  N*  nylon  membrane,  were 
first  bound  in  an  oven  and  then  hybridized  with  a  """P  radiolabeled 
CDCH  cDNA  probe  at  a  washing  stringency  of  Ix  SSC  for  30  min 
at  60°C  and  0.5x  SSC  for  10  min  at  65°C.  Autoradiographs  were 
then  made  after  washing  and  drying  membranes. 

DNA  Seqiicnciiif;  anil  Sequence  Analysis 

Clones  of  abalone  DNA  were  sequenced  in  both  directions,  by 
the  dideoxy  chain-termination  method,  by  Westmead  Hospital 
(Sydney)  and  Australian  Animal  Health  Laboratory  (Geelong). 
GenBank  and  EMBL  databases  were  searched  for  similar  matches 
to  abalone  DNA  sequences;  predicted  peptide  sequences  were  ob- 
tained with  the  BLAST  network  service. 


Cloning 

Genomic  abalone  DNA  amplified  by  PCR  were  initially  cloned 
into  the  pCR-Script  AMP  SK  (Strategene)  according  to  the  sup- 
pliers' protocols.  Once  inserts  had  been  sequenced,  new  PCR 
primers  were  designed  to  amplify  the  aELH  and  to  simultaneously 
add  BiiiiiHl  and  frcRl  restriction  sites  to  the  ends  of  the  products, 
for  directional  cloning  into  the  expression  vector,  pGEX-2T  (Phar- 
macia). The  inserts  were  sequences  again.  Transformation  of  com- 
petent Escherichia  coli  DH5a  was  performed  by  the  CaCK/heat- 
shock  method,  or  electroporation  with  a  Pulser  Transformation 
apparatus  (Bio-Rad),  and  the  cells  were  plated  out  on  selective  LB 
media. 

Preparation  of  Fusion  Protein  and  Cleavage  To  Release  an  aELH 

Expression  of  the  fusion  protein  of  aELH  with  glutathione-5- 
transferase  (GST)  from  pGEX-2T  was  performed  in  accordance 
with  standard  protocols  (Pharmacia  Biotech).  Transformed  E.  coli 
cells  were  grown  aerobically  at  37°C  in  LB  medium  containing 
ampicilin,  and  expression  of  fusion  protein  was  induced  by  the 
addition  of  IPTG.  After  an  incubation  for  4  h  at  37°C,  the  cells 
were  harvested  by  centrifugation  and  the  pellet  was  resuspended  in 
ice-cold  phosphate-buffered  saline.  The  cells  were  lysed  by  adding 
10%  Triton  X-100  and  then  lysozyme  solution  and  finally  were 
sonicated  in  a  Branson  Sonifier  (Model  B-12)  sonicator  on  ice  for 
two  10  sec.  The  cellular  lysis  was  immediately  centrifuged,  and  the 
supernatant  (with  soluble  proteins)  and  the  resuspended  pellet 
(with  insoluble  proteins)  were  stored  at  -20°C.  Glutathione  Seph- 
arose  4B  beads  were  mixed  with  supernatant  to  bind  the  GST 
fusion  protein  and  were  then  washed  three  times  with  repeated 
centrifugations.  The  GST  fusion  protein  was  then  removed  by 
elution  buffer,  or  the  aELH  was  cleaved  from  the  GST  fusion 
protein  by  the  site-specific  protease,  thrombin,  before  collection  in 
supernatants  after  centrifugation.  Purified  protein  supernatants 
were  then  stored  at  -20°C. 

Sodium  Dodecyl  Sulfate-Polyacrylamide  Gel  Electrophoresis 
and  Immunoblots 

Protein  samples  were  first  analyzed  by  discontinuous  sodium 
dodecyl  sulfate-polyacrylamide  electrophoresis  (SDS-PAGE)  in  a 
Mini-PROTEIN  II  apparatus  (Bio-Rad).  Prestained  low-range  mo- 
lecular-weight markers  (Bio-Rad)  were  run  with  the  protein 
samples,  and  protein  bands  were  visualized  by  Coomassie  Blue 
staining.  A  further  analysis  of  proteins  involved  separation  by 
SDS-PAGE  and  electrotransfer  to  a  nitrocellulose  membranes  with 
a  Mini  Trans-Blot  apparatus  (Bio-Rad).  before  immunological  de- 
tection of  the  GST  and  GST  fusion  proteins  with  a  rabbit  anti-GST 
(kindly  produced  and  provided  by  Dr.  L.  F.  Wang  at  CSIRO. 
AAHL).  diluted  1:1.000.  An  alkaline  phosphatase-conjugated 
sheep  anti-rabbit  (Promega).  diluted  1:2.000.  was  used  in  the  de- 
tection of  GST. 

RESULTS 

Detection  of  aELH  Sequence  in  Abalone  DNA 

The  CDCH  cDNA  probe  hybridized  strongly  with  dot  blots  of 
abalone  genomic  DNA  (Fig.  lA),  indicating  that  the  abalone  DNA 
had  good  sequence  homology  with  the  egg-laying  gene  of  L.  .slag- 
luilis.  This  was  strengthened  further  by  the  PCR  amplification  of  a 
single-band  PAF-I  product  of  -308  bp  from  abalone  genomic 
DNA  (Fig.  IB),  which  also  hybridized  strongly  with  the  probe 
(Fig.    IC).  Acting  as  a  posili\e  control,  the  labeled  probe  also 
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Figure  1.  Detection  of  H.  rubra  aELH  with  a  CDCH  cDNA  probe.  (A) 
Autoradiograph  of  a  dot-blot  analysis  of  genomic  DNA  hybridized 
with  a  '-P-labeled  CDCH  cDNA  probe.  Spots  (from  top  to  bottom)  are 
5,  10  and  50  jig  of  abalone  DNA  and  10  (ig  of  CDCH  cDNA  (positive 
control!.  (B)  Agarose  gel  electrophoresis  showing  a  PCR-amplified 
product  (designated  PAF-ll  of  genomic  abalone  DNA.  I.anes  (left  to 
rightl:  molecular  markers  ( l(IO-bp  ladder.  Gibco):  PCR  product  of  an 
expected  -308-bp  size.  (C)  Positive  hybridizations  of  the  labeled 
CDCH  cDNA  probe  with  PAF-1,  as  well  as  a  dot  of  unlabeled  CDCH 
cDNA  as  a  positive  control  (arrow). 

hybridized  with  unlabeled  CDCH  cDNA.  PCR  amplification  of 
abalone  genomic  DNA  also  produced  a  single  PAF-2  product  of 
-1?4  bp,  and  it,  too,  hybridized  strongly  with  the  probe  (data  not 
shown).  The  larger  PAF-1  PCR  product  was  successfully  cloned 
into  pCR-Script  for  sequence  analysis. 

Sequence  Analysis  of  aELH 

The  nucleotide  sequence  encoding  aELH  was  derived  from 
sequencing  a  clone  containing  PAF-1  and  is  shown  in  Fig.  2A. 
together  with  analogous  nucleotide  sequences  encoding  ,4.  culifor- 
nica  ELM  and  L.  slagnalis  CDCH  (Scheller  et  al.  1983.  Vreugden- 
hil  et  al.    1988).  There  was  a  very  high  nucleotide  homology 


(95.4%)  between  aELH  and  L  shigiialis  CDCH.  with  only  5  bp 
different  in  108.  However,  homology  to  the  equivalent  sequence  in 
A.  culifornica  was  31.99r.  In  addition,  si.x  nucleotides  at  the  5'  end 
of  the  aELH  sequence,  and  nine  at  the  3'  end.  were  identical  in  all 
three  species. 

An  amino  acid  sequence  of  aELH  was  derived  from  the  nucle- 
otide sequence  (Fig.  2A).  by  BLAST,  and  is  shown  in  Fig.  2B, 
together  with  known  sequences  of  the  A.  californica  ELH  and  L. 
stagnalis  CDCH.  This  sequence  also  had  a  high  homology  (97.2%) 
with  CDCH.  with  only  1  of  36  amino  acids  different.  However, 
there  were  19  differences  with  the  amino  acid  sequences  of  Aplysia 
ELH  (47.2%  homologous). 

The  conserved  genomic  nucleotides,  at  the  5'  and  3'  ends  of  the 
aELH  sequence,  encode  Lys-Arg  and  Gly-Arg-Lys.  respectively. 
These  indicate  proteolytic  cleavage  sites  of  an  aELH  from  a  pro- 
hormone, as  well  as  amidation  of  the  C-terminus.  both  of  which 
are  known  to  occur  with  Lymnaea  CDCH  and  Aplysia  ELH 
(Vreugdenhil  et  al.  1988.  Nambu  and  Scheller  1986). 

Cloning  and  Expression  of  aELH 

The  PAF-1  sequence  was  used  to  design  two  primers  for  the 
PCR  amplification  of  the  aELH  sequence  from  genomic  DNA  and 
contains  5'  BamHl  and  3'  £foRI  restriction  enzyme  sites  for  the 
directional  cloning,  in  phase,  into  the  expression  vector  pGEX-2T. 
Figure  3  shows  an  expected  band  size  of  -150  bp.  after  double 
digestion  of  amplified  PCR  products.  After  cloning  of  a  product 
into  pGEX-2T.  and  transformation  of  E.  coll,  two  positive  recom- 
binants clones  were  selected.  One  of  these  was  sequenced  to  con- 
firm the  previous  results  of  sequencing  PAF-1  and  to  check  that 
the  insert  was  in  phase  for  correct  expression  of  an  aELH.  The 
sequence  was  the  same  as  before  and  in  a  correct  reading  frame  for 
suitable  expression. 

E.  coli  cells  containing  the  correct  plasmid  con.structs  plasmids 
were  cultured  and  induced  with  IPTG  to  produce  the  desired  GST 
fusion  protein.  This  was  shov\'n  as  a  protein  corresponding  to  a 
predicted  size  of  -32.5  kD  by  SDS-PAGE  (Fig.  4A).  Western 
blotting  confirmed  the  presence  of  GST  within  the  expressed  fu- 
sion protein  (data  not  shown).  Thrombin  cleavage  of  the  aELH 
from  fusion  protein,  bound  to  Sepharose  4B  beads,  was  detected 


aELH 
CDCH 


1  20  40 

CTTTCGATCACCAATGACCTOCGGGCTATCGCCGACA-GTTACCTGTACGACCAG 

CTTTCGATCACCAATGACCTGCGGGCTATCGCTGACA-GTTACCTGTACGACCAG 

ATCTCCATCAACCAGGACTTGAAGGCTATCACAGACATGCTGCTTACAGAGCAAA 


aELH 
CDCH 


60  80  100 

CACAAGCTGAGAGAGCGGCAAGAAGAGAATCTAAGAAGACGTTTCCTGAGACTC 
CACAAGCTGAGAGAGCGGCAAGAAGAGAACCTAAGAAGACGTTTCCTAGAGCTC 

TCCGAGA-AAGGCAAAGGTATCTCGCTGACTTACGCCAACGTCTCTTGGAAAAG 


aELH 
CDCH 


1  36 

LSITNDLRAIADSYLYDQHKLRERQEENLRRRFLRL 

LSITNDLRAIADSYLYDQHKLRERQEENLRRRFLEL 

******************* 


k-******^ 


ISINQDLKAITDMLLTEQIRERQRYEADLRQRLLEK 
**       **    **    *       *       *  *    *    *       **    *    * 


Figure  2.  Comparisons  of  nucleotide  and  deduced  amino  acid  sequences  of  H.  rubra  aELH  with  L.  slagnalis  CDCH  (Vreugdenhil  et  al.  1988)  and 
.4.  californica  ELH  (.Scheller  et  al.  1983).  (A)  Nucleotide  sequences  «ith  numbers  indicated  abo\e.  .Asterisk  indicates  same  sequence  compared 
with  aELH.  and  the  hyphens  indicate  gaps  within  the  nucleotide  sequence  to  obtain  maximum  alignment.  (B)  Amino  acid  sequences  with 
numbers  indicated  above.  Asterisk  indicates  same  sequence  compared  with  aELH.  Underlined  sites  are  potential  polypeptide  cleavage  sites. 


792 


Wang  and  Hanna 


B 


Figure  3.  Agarose  gel  electrophoresis  showing  PCR  amplification 
products  of  the  aELH  sequence,  from  H.  rubra  genomic  DNA,  and 
containing  5'  BamHl  and  3'  ZscoRI  sites  for  cloning  into  pGEX-2T. 
Lanes  (left  to  right):  molecular  markers  (100-bp  ladder,  Gibco);  no 
DNA  template  (negative  control):  PCR  product  of  aELH  with  an  -150- 
bp  size:  PCR  product  of  CDCH  cDNA  (positive  control). 


Figure  4.  Detection  of  expressed  aELH.  (A)  SDS-PVGE  showing  a 
-32.2  kD  expressed  fusion  protein.  Lanes  (left  to  right):  low-range 
molecular-weight  protein  markers  (Bio-Rad);  GST  protein  expressed 
from  pGEX-2T  without  an  insert:  expressed  GST-aELH  fusion  pro- 
tein of  -32.2  kD.  (B)  SDS-PAGE  of  aELH  cleaved  from  the  fusion 
protein  by  thrombin.  Lanes  (left  to  right):  positive  control  of  a  5  kD 
expressed  protein  of  Capripoxvirus  PLm2  (supplied  by  the  CSIRO 
Australian  Animal  Health  Laboratory,  Geelong):  aELH  of  -4.3  kD. 


by  separate  SDS-PAGE.  which  showed  the  aELH  to  be  -4.3  kD 
(Fig.  4B). 

DISCUSSION 

Genes  encoding  ELH  oi  Aphsia  and  Lymnaea  were  cloned  in 
1983  (Scheller  et  al.  1983)  and  1988  (Vreugdenhil  et  al.  1988). 
respectively.  However,  the  aELH  gene  had  not  been  studies,  so  we 
obtained  and  used  a  cDNA  clone,  encoding  Lymnaea  CDCH,  for 
use  in  identifying  an  ELH  in  abalone  genomic  DNA.  Dot  blotting 
with  a  labeled  CDCH  cDNA  probe  indicated  that  the  abalone 
genomic  contained  a  complementary  sequence  (Fig.  1).  This  was 
confirmed  by  two  PCR  amplifications  of  abalone  genomic  DNA. 
with  primers  designed  from  nucleotide  sequences  of  Aplysia  ELH 
DNA  and  Lymnaea  CDCH  DNA.  and  hybridization  of  products 
with  the  labeled  probe. 

The  nucleotide  sequence  of  cloned  abalone  PCR  product.  PAF- 
I,  amplified  with  primers  derived  from  the  CDCH  sequence  of 
Lymnaea,  was  found  to  have  high  homology  with  the  correspond- 
ing sequence  in  the  L.  stagnalis  CDCH  super-gene  family.  In 
particular,  the  region  encoding  an  aELH  was  found  to  have  a 
95.4%  homology  with  that  of  L.  stagnalis  CDCH  sequence,  but 
only  51.9%  with  that  of  A.  californica  ELH  sequence.  This  is 
almost  the  same  as  the  51%  nucleotide  homology  observed  be- 
tween L  stagnalis  CDCH  and  A.  californica  ELH.  Total  aELH 
superfamily  sequences  of  H.  rubra  and  several  other  species  are 
cuiTently  being  analyzed. 

Subsequent  cloning  of  genomic  aELH  into  pGEX-2T,  and  re- 
sequencing,  confirmed  the  previous  sequence.  Comparisons  of 


amino  acid  sequences  mimicked  the  homologies  found  in  nucle- 
otide sequences;  aELH  and  CDCH  were  97.2%  homologous,  but 
aELH  and  ELH  were  only  44.5%  homologous. 

The  pGEX-2T  fusion  protein  expression  vector  was  chosen  for 
use  in  this  project  for  the  induction  of  a  high-level  intracellular 
expression  of  an  aELH  as  a  fusion  protein  with  bacterial  GST 
(Ausubel.  1994).  The  resulting  fusion  proteins  within  bacterial 
lysates  were  subsequently  purified  with  ease  under  nondenaturing 
conditions  and  with  the  absence  of  isoforms  of  GST.  Expression  as 
fusion  proteins  is  known  to  increase  the  stability  and  solubility  of 
the  protein,  compared  with  when  the  protein  is  expressed  alone, 
although  sometimes  the  fusion  protein  is  even  less  soluble  (Fran- 
gioni  and  Neel  1993).  In  the  expiession  of  aELH,  a  fusion  protein 
was  successfully  obtained  and  then  cleaved  to  produce  an  aELH 
with  an  M,  of  -4.3  kD.  Bioassays  of  the  effects  of  this  aELH  in  the 
egg-laying  process  are  in  progress.  As  well,  polyclonal  antibodies 
have  been  produced  against  the  aELH  and  are  now  being  used  in 
physiological  studies  to  determine  seasonal  changes  in  and  tissue- 
specific  production  of  the  aELH  peptide. 

Egg  laying  is  a  vital  component  of  the  reproductive  capacity  of 
abalone,  and  the  finding  of  an  aELH  gene  should  intimately  lead 
to  a  better  understanding  of  the  biological  process.  A  gene  product 
that  is  involved  in  the  regulation  of  reproduction  could  also  have 
been  involved  in  reproductive  isolation  events  that  led  to  specia- 
tion.  and  to  examine  this  point,  the  aELH  of  several  abalone  spe- 
cies have  been  cloned  and  are  currently  being  sequenced.  The 
findings  reported  here  provide  the  basis  for  further  studies  leading 
to  a  better  understanding  of  egg  laying  in  abalone. 
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IDENTIFICATION  OF  THREE  POLYMORPHIC  MICROSATELLITE  LOCI  IN  BLACKLIP 
ABALONE,  HALIOTIS  RUBRA  (LEACH),  AND  DETECTION  IN  OTHER  ABALONE  SPECIES 
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ABSTRACT  Three  mierosatellite  were  obtained  from  the  screening  of  random  amplified  polymorphic  DNA  products  and  a  genomic 
DN.A  library  of  blacklip  ahalone  iHaliolis  iiihra  Leach).  They  were  assigned  RUBGTl  (for  H.  rubra  GTl )  containing  (GT)n  repeats. 
RUBCAl  containing  (CA)n  repeats,  and  RUBGACAl  containing  (GACA)n  repeats.  All  were  polymorphic  in  100  blacklip  abalone 
samples  collected  from  the  Victorian  coast  and  Eden.  New  South  Wales.  There  were  41  alleles  identified  at  the  RUBGTl  locus.  30 
at  the  RUBCAl  locus,  and  8  at  the  RUBGACAl  locus.  Polymerase  chain  reaction  primers  of  the  three  microsatellites.  together  with 
primers  of  two  minisatellites,  a  growth  hormone  gene  repeat  (GHR)  and  a  moUuscan  insulin-related  peptide  gene  repeat  (MIPR).  were 
used  in  cross-species  amplification  of  14  abalone  species  from  the  United  States.  South  Africa.  South  Korea,  and  Australia.  Most 
amplifications  occurred  in  the  Australian  species,  Huliotis  conicopora. 

KEY  WORDS:     microsatellite  sequences,  polymorphism,  abalone.  Haliolis 


INTRODUCTION 


MATERIALS  AND  METHODS 


Satellite  DNA,  a  type  of  tandemly  arranged  highly  repetitive 
sequence,  has  been  found  to  exist  widely  in  animals  and  plants 
(Beridze  1986).  By  definition,  the  repeat  unit  size  within  the  range 
7-70  base  pairs  (bp)  is  known  as  a  minisatellite  or  \  ariable  number 
of  tandem  repeat  (VNTR),  whereas  the  repeat  unit  size  between 
1-6  bp  is  known  as  a  microsatellite  or  short  tandem  repeat  (STR) 
(Budowle  et  al.  1991,  Kimpton  et  al.  1993).  Minisatellites  are 
usually  located  in  introns  (Griffiths  et  al.  1993),  or  3'  end  non- 
translated  regions  (Budowle  et  al.  1991,  Huang  et  al.  1997),  and  a 
considerable  number  have  been  identified  in  animals  and  plants 
(Jeffreys  et  al.  1991.  Rafalski  et  al.  1996).  There  are  abundant 
microsatellites  located  in  both  genie  and  extragenic  regions  of  the 
eukaryotic  cell  genome  (Kimpton  et  al.  1993).  For  example,  in  the 
snail,  Bulimis  tnincatits.  it  is  estimated  that  on  average  there  is  a 
dinucleotide  microsatellite  locus  every  40,000  bp  and  a  tetranucle- 
otide  microsatellite  locus  every  60,000  bp  (Jame  et  al.  1994). 

The  abundance  of  VNTRs  and  STRs,  their  polymorphic  nature, 
and  amenability  to  amplification  by  polymerase  chain  reaction 
(PCR)  have  made  them  ideal  markers  for  genetic  studies,  including 
genetic  linkage  analysis,  antenatal  diagnosis,  forensic  medicine, 
population  genetic  structure,  and  evolutionary  studies  (Bosch  et  al. 
1993.  Jeffreys  et  al.  1991,  Budowle  et  al.  1991,  Deka  et  al.  1995, 
Primmer  et  al,  1996).  There  is  only  one  report  concerning  two 
minisatellites  in  blacklip  abalone  (Haliotis  rubra  Leach),  viz.  a 
growth  hormone  gene  repeat  (GHR)  and  a  molluscan  insulin- 
related  peptide  gene  repeat  (MIPR)  (Huang  et  al.  1997).  There  are 
no  reports  concerning  microsatellites  in  abalone.  and  there  is  a 
need  for  them,  particularly  for  use  in  population  studies  and  aqua- 
culture. 

We  describe  in  this  report  three  microsatellites  obtained  form 
screening  a  blacklip  abalone  genomic  DNA  library  and  random 
amplified  polymorphic  DNA  (RAPD)  products  of  blacklip  aba- 
lone. As  well,  we  report  on  three  microsatellite  alleles  identified  in 
blacklip  abalone  samples  from  Victorian  and  New  South  Wales 
waters,  together  with  cross-species  amplification  of  DNA  from 
additional  abalone  species  with  three  microsatellite  primer  sets  and 
two  minisatellite  primer  sets. 


Abalone  Samples 

Fourteen  species  of  abalone  were  collected  from  Australia,  Ko- 
rea, the  United  States,  and  South  Africa  (see  Table  2).  In  addition, 
100  blacklip  abalone  collected  for  a  population  genetic  structure 
study  were  from  nine  sites  along  the  Victorian  coast  and  one  site 
from  New  South  Wales.  The  site  details  have  been  described  by 
Huang  et  al.  (1997).  and  the  abalone  were  provided  frozen  at 
-20°C  or  preserved  in  75%  ethanol.  Each  abalone  was  dissected 
with  a  new  set  of  latex  gloves  and  surgical  blades  in  order  to 
prevent  cross-contamination.  After  removing  the  shell,  1.5  g  of 
soft  inner  muscle  or  gonad  was  taken  and  stored  in  sterile  1.5-mL 
Eppendorf  tubes  at  -70°C. 

DNA  Extraction  and  Purification 

Abalone  DNA  was  extracted  by  a  method  of  microwaving  tis- 
sue in  lysis  buffer  followed  by  phenol xhloroform  (1:1)  extraction 
(Goodwin  and  Lee  1993).  DNA  to  be  cloned  and  sequenced  was 
purified  with  a  QIAquick'^'  Gel  Extraction  kit  (QIAGEN),  accord- 
ing to  the  manufacturer's  instructions. 

Detection  of  Microsatellites  in  Blacklip  Abalone  RAPD  Products  and  a 
Genomic  Library 

RAPD  products  were  generated  from  abalone  genomic  DNA 
with  primers  UBC  101  (5'-GCGGCTGGAG-3'),  UBC135  (5'- 
AAGCTGCGAG-3'),  and  M13  repeat  (5'-GAGGGTGGCGGT- 
TCT-3'),  in  50-|xL  volumes  according  to  Williams  et  al.  (1990). 
RAPD  products  were  transferred  to  membranes  by  Southern  trans- 
fer described  in  Sambrook  et  al.  (1989)  and  were  subsequently 
hybridized  with  labeled  probes  to  detect  bands  containing  micro- 
satellite  sequences.  The  procedures  for  hybridization  and  detection 
of  microsatellites  used  3'  end  fiuorescein-labeled  oligonucleotide 
probes  produced  with  a  RENAISSANCET"  kit  (Du  Pont).  Labeled 
probes  used  in  this  study  included:  (CA),,,.  (GA),,,.  (CT),o, 
(GT),o,  (GGT)7,  (GATA),,  (GACA),,  (GGGT),,  and  (AACTjj. 
Positive  bands  were  excised  from  additional  agarose  gels;  DNA 
traements  were  extracted  and  cloned  into  a  pCR-Script  Vector 
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(Stratagene)  for  sequencing,  following  the  manufacturer's  instruc- 
tions. The  inserts  were  sequenced  with  T3  and  T7  primers. 

A  blacklip  abalone  genomic  library  was  obtained  from  Dr.  Z. 
Chai  (Medical  School,  Monash  University).  It  was  constructed  by 
HaelU  digestion  of  whole  juvenile  blacklip  abalone  genomic  DNA 
and  subsequent  ligation  of  1-3  kilobase  fragments  into  \  gflO 
phage.  Double  plaque  lifts  were  prepared,  and  membranes  were 
hybridized  with  labeled  probes.  Positive  plaques  were  subcultured, 
and  inserts  were  amplified  by  PCR  with  \  primers.  PCR  products 
were  purified  from  gels  and  sequenced  in  both  directions  with  k 
sequencing  primers. 

Cloned  RAPD  products,  or  purified  PCR  products,  were  se- 
quenced with  a  Perkin  Elmer  ABI  PRISM^^'  Dye  terminator  cycle 
sequencing  kit  and  autosequencer  (Model  377).  Alleles  of  micro- 
satellites  were  designated  by  the  number  of  repeat  units  within 
sequences,  for  example,  allele  RUBGACA 1  -5  contained  5  units  of 
a  GACA  repeat. 

Electrophoresis  and  Staining  of  Gels 

Minisatellites  (GHR  and  MIPR)  were  analyzed  with  a  0.4-mm 
ultrathin  69c  polyacrylamide  gel,  following  the  method  of  Bu- 
dowle  et  al.  (1991).  Microsatellites  (RUBGTl,  RUBCAl,  and 
RUBGACAl)  were  analyzed  with  standard  6%  denaturing  poly- 
acrylamide sequencing  gels.  Gel  preparation  and  electrophoresis 
conditions  followed  the  manufacturer's  instructions  (Bio-Rad).  A 
nonmutagenic  silver  stain  method,  described  by  Budowle  et  al. 
(1991),  was  used  to  visualize  separated  PCR  fragments  in  both 
types  of  gels. 

PCR  Conditions 

Protocols  for  PCR  amplification  of  MIPR  and  GHR  minisatel- 
lites followed  Huang  et  al.  (1997).  PCR  conditions  for  analyzing 
variation  among  individuals  were  performed  with  30x  three-step 
cycling  reactions,  consisting  of  a  hot  start  at  94°C  for  5  min, 
followed  by  30  cycles  of  denaturing  at  94°C  for  30  sec,  an  an- 
nealing step  for  1  min,  and  extension  at  72°C  for  15  sec.  The 
primer  sequences  and  annealing  temperatures  are  listed  in  Table  1 . 

RESULTS 

Identification  of  a  (GT)n  Microsatellile  in  Blacklip  Abalone 

Abalone  RAPD  fragments,  amplified  with  the  M13  primer,  are 
shown  in  Figure  lA.  Subsequent  Southern  transfer  of  the  RAPD 
products  and  hybridization  with  a  3'  end  fluorescein-labeled 
(GT)|o  probe  resulted  in  hybridization-positive  bands  of  900-1,000 
bp  (Fig.  IB).  A  hybridization-positive  band  from  A7  (correspond- 
ing to  Lane  7  in  Fig.  lA)  was  found  to  contain  38  GT  repeats.  The 
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Figure  1.  Identification  of  a  (GT)n  repeat  in  blacklip  abalone  RAPD 
products.  (A)  R.-VPD  products  of  blacklip  abalone  DNA  amplified  with 
a  M13  random  primer  (5'-GAGGGTGGCGGTTCT-3').  Arrows  indi- 
cate location  of  hybridizing  bands  in  Panel  B.  Lanes:  1-10,  animals 
from  Tullaburga  Island:  11-20.  animals  from  Eden:  M,  100-bp  DNA 
ladder  (Promega).  (B)  Hybridization  of  a  (GT)|„  probe  to  RAPD  prod- 
ucts shown  In  Panel  A. 

sequence  was  submitted  to  GenBank  (Accession  Number 
AF027572).  This  microsatellite  locus  was  designated  RUBGTl 
(for  the  first  GT  microsatellite  identified  in  H.  rubra). 

Identification  of  a  (CA)n  Microsatellite  in  Blacklip  Abalone 

Abaolone  RAPD  products,  amplified  with  primers  UBC  101 
and  UBC  135,  are  displayed  in  Figure  2 A.  Hybridization  of  South- 
em-transferred  RAPD  products  with  a  3'  end  fluorescein-labeled 
(CA),f,  probe  resulted  in  positive  bands  of  800-900  bp  (Fig.  2B; 
Lanes  1-16).  Positive  bands  were  present  in  the  RAPD  products 
amplified  with  primer  UBC  101,  but  not  in  RAPD  products  am- 
plified with  primer  UBC  135.  Sequencing  of  a  hybridization- 
positive  band  from  Petrel  Point  (corresponding  to  Lane  1  in  Fig. 
2A)  showed  the  presence  of  a  30-repeat  microsatellite,  composed 
of  (CA/G),x(CA),,.  The  sequence  was  submitted  to  GenBank  (Ac- 
cession Number  AF027573).  This  microsatellite  locus  was  desig- 
nated RUBCAl. 

Identification  of  a  (GACA)n  Microsatellite  in  Blacklip  Abalone 

Screening  of  a  \  g/10  blacklip  abalone  genomic  DNA  library 
produced    1    hybridization-positive  plaque   in   2.500  plaques 


TABLE  1. 
Primer  sequences  and  annealing  temperatures  used  in  the  analysis  of  microsatellite  loci. 


Locus 


RUBGACAl 


RUBCAl 


RUBGTl 


Temperature 

(  C) 


Primer  Designation 


Primer  Sequence 
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RUBGACA  IF  (forward) 
RUBGACAIR  (reverse) 
RUBCA IF  (forward) 
RUBCAIR  (reverse) 
RUBGTIF  (forward) 
RUBGTIR  (rever.se) 


5'-CGCCGTTTTATTCGTCACCAATC-3' 

5  '-CCACATATACAA  ATAA  ATATATC-3 ' 

5'-CCAATTTTACTTGAAGACTTGTGATGC-3' 

5'-ATGTGTACGCGTTGGTGGATGG-3' 

5 '  -  AGGGTGGCGGTTCTGGTCCTAAATC-3' 

5'-GGCAGTGATGATATAGCGTTGTTCG-3' 
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Wales,  with  the  lliree  niicrosatcllitc  primer  sets,  showed  that  all 
three  microsatellite  loei  were  polymorphic.  There  were  41  alleles 
(omul  at  the  RUBGTl  locus,  which  were  defined  as  RUBGTl-1  to 
-51.  Alleles  RUBGTl-2.  -4.  -6.  -7.  -8.  -9.  -10.  -16.  -28  and  -50 
were  not  observed.  There  were  .^0  alleles  identified  at  the 
RUBCAl  locus.  These  alleles  ranged  from  RUBCAI-13  to  -47. 
with  the  exception  of  alleles  RUBCAl-14.  -16.  -17.  -19  and  -46. 
which  were  not  observed.  There  were  eight  alleles  identified  at  the 
RUBGACA  locus,  ranging  from  RUBGACAl-1  to  -13.  except 
alleles  RUBGACA  1-2.  -8.  -9.  -10.  and  -12,  which  were  not  ob- 
served. A  summary  of  the  allele  frequencies  of  the  three  micro- 
satellite  loci  for  the  100  abalone  are  displayed  in  Figure  4.  The 
allele  frequencies  of  all  three  loci  were  found  to  depart  signifi- 
cantly from  the  Hardy-Weinberg  equilibrium  (p  <  0.001). 

The  Application  of  the  Five  Sets  of  Mini-/Microsatellite  Primers  to 
Other  Abalone  Species 


B 
Figure  2.  Identification  of  a  (C.4)n  repeat  in  blacklip  abalone  RAPD 
products.  {.\l  R.API)  products,  with  arrows  indicating  the  location  of 
hybridizing  hands  in  Panel  B.  Lanes:  1-16.  RAPD  products  amplitled 
with  IBC-ini  (5'-(;CGGCTGGAG-3'l.  in  which  1-7  are  RAPD  prod- 
ucts of  animals  from  Sandpatch  Point,  and  8-16  are  from  Petrel  Point: 
17-23.  R.\PD  products  from  Sandpatch  point  amphried  with  lIBC-135 
(5-AAGCTGCGAG-3'l:  M,  10()-bp  DNA  ladder  (Promega).  (B)  Hy- 
bridization of  a  (CA),„  probe  to  RAPD  products  of  Panel  A. 

screened.  Subsequent  sequence  analysis  of  the  insert  showed  that 
there  were  six  repeats  of  GACA  tetranucleotides.  The  sequence 
was  submitted  to  GenBank  (Accession  Number  AF027574).  This 
microsatellite  locus  was  designated  RUBGACA  1.  Figure  3  shows 
amplified  blacklip  abalone  microsatellite  alleles  containing  known 
GAC.'^  repeats,  with  the  exception  of  the  RUBGACAl-13  allele. 

Allelic  Frequencies  of  Three  Microsatellites  in  Blacklip  Abalone 

Amplification  of  DNA  extracted  from   100  blacklip  abalone 
collected  alone  the  Victorian  coastline  and  Eden.  New  South 


_5.  A  A  A  -  J, 
11     3    5    C  M 


lllbp  II 
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Figure  3.  .MIeles  of  the  RLBliAC.Vl  locus  identified  in  blacklip  aba- 
lone. Alleles  arc  designated  by  number  of  repeat  units.  Genotypes  of 
animals  are  given  at  the  top  of  each  lane  and  indicate  the  alleles 
present. 


Fourteen  abalone  species  collected  from  four  countries  (United 
States,  South  Africa.  South  Korea,  and  Australia)  were  used  in  a 
study  with  all  five  primer  sets  developed  for  minisatellite  and 
microsatellite  studies  of  blacklip  abalone  populations.  The  results 
listed  in  Table  2  show  that  there  were  no  amplifications  of  DNA 
from  four  species.  Haliotis  ntfescens,  Haliotis  cracharodii.  Hali- 
otis  peniim,  and  Haliotis  midae,  from  the  United  States  and  South 
Africa.  However,  primers  for  amplifying  the  RUBGTl  locus  am- 
plified the  DNA  of  the  two  South  Korean  species.  Haliotis  gi- 
gaiitea  and  Haliotis  sieboldi.  Of  the  other  four  Australian  abalone 
species.  DNAs  from  two  species.  Haliotis  roei  and  Haliotis  sca- 
laris.  were  amplified  with  two  sets  of  primers.  DNA  from  Haliotis 
conicopora  was  amplified  with  four  sets  of  primers,  but  was  not 
amplified  with  the  MIPR  locus  primers.  None  of  the  five  primer 
sets  could  amplify  DNA  from  Haliotis  laevigata. 
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Figure  4.  Allelic  frequenices  of  the  three  microsatellites  observed  in 
100  blacklip  abalone  of  the  Nictorian  coast  and  Eden,  New  South  Wales. 
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TABLE  2.  those  showing  reliable  band  variations  among  population  samples. 

The  use  of  mini-  and  microsatellite  primer  sets  on  DNA  of  different  Second,  there  is  also  some  difficulty  extrapolating  from  hybrid- 

abalone  species.  ization-positive  bands  back  to  the  complementary  band  in  agarose 

gels,  so  that  cloning  and  sequencing  of  DNA  can  be  achieved. 

~  T^TT  In  this  study,  three  microsatellites  were  successfully  cloned  and 

Micro-  Mmi-  -^ 

,  ....  .  ....  sequenced.  Of  these,  two  dinucleotide  microsatellites.  RUBCAl 

Sample    ^ —  and  RUBGTl .  were  identified  and  cloned  from  two  RAPD  prod- 

Country  Species No.         A         B  CPE  ^cts  of  blacklip  abalone.  The  microsatellite  motif  (CA)n/(GT)n 

y„j(gj  may  be  the  most  frequent  microsatellite  in  the  blacklip  abalone 

States      H.  mfesceiis  1  genome,  because  hybridizations  of  other  microsatellite  probes  [i.e., 

2         _____  (GA),„.  (CT),o.  (GOT),,  (GATA),,  (GGGT),.  and  (AACT),],' 

H.  cracherodii  1  —        —         —       —       —  with  RAPD  products  and  a  \  gflO  library,  were  all  negative.  In- 

2  —       —        —       —       —  terestingly.  the  (CA)n/(GT)n  microsatellites  are  reported  to  be  the 

S°"'h  most  frequently  occurring  dinucleotide  microsatellites  in  niamma- 

Afnca      H.  pen-iiw  1  _____  |j^^  genomes  (Rafalski  et  al.  1996).  The  polymorphism  and  co- 

■  ""  "''  dominant  features  of  the  three  microsatellites  have  made  them 

T  

"  useful  in  population  differentiation  and  genetic  structure  studies  of 

.  blacklip  abalone  (Huang  1997).  In  particular,  they  have  revealed 

Spy(l,  significant  molecular  variation  in  a  study  of  10  blacklip  abalone 

Korea       H.  discus*  1  _____  populations  ((t>pT  =  0.067,  p  <  0.001 ). 

2  —       —        —       —       —  Minisatellite  and  microsatellite  primers  developed  for  blacklip 

H.  disaisf  1  —       —        —       —       —  abalone  were  applied  to  some  of  the  abalone  species  in  the  world 

2         —       —        —      —      —  to  determine  whether  microsatellite  marker  systems  established 

H.  gigantea  1  —       —      28/28    —       —  here  could  be  transferable  to  other  abalone  species.  It  has  been 

•^  -7/_7  reported  that  the  detection  of  polymoiphic  STR  loci  in  birds,  usina 

2  ''7/''7     

"    ~  the  primers  developed  for  swallow,  is  related  to  evolutionarv  dis- 
H.  discus  hannai           1            —         —          —        —        —  „  .  ,     ,,,,,,      „,         ^  ,  ,     .  '        , 

.,  tance  (Pnmmer  et  al.  1996).  Iheretore,  the  evolutionary  related- 

„    ;,.-,■.,/   ■  ~\  ness  of  abalone  species  could  possibly  be  assessed  with  the  five 

->  mini-  and  microsatellites  markers  developed  for  blacklip  abalone. 

Australiai    H.  rubra  1         4/5§    37/37    13/13    5/5     14/18  Of  the  14  species  tested,  no  amplifications  occurred  for  the  over- 

2         1/4      31/31      9/19    5/6     14/20  seas  abalone  species,  with  the  exception  of  the  South  Korean  spe- 

H.  laevigata  1  —       —        —       —       —  cies //.  g/^?(»i/£'o  and //.  .s(>i)o/(y/ at  the  RUBGTl  locus.  The  mini- 

2         —       —        —      —      —  satellite  MIPR  was  a  species-specific  locus  for  blacklip  abalone, 

^  '■""  1         ^1^  29/29    —      —  because  there  was  no  amplification  detected  in  other  species.  Am- 

ly/iy  plifications  occurred  mainly  in  the  Australian  sympatric  species, 

'^- ■""''"■'■'  '  ~       '"''      "/28    —      —  //.  ,vu'/, //.  .«-a/ara,  and //.  co«(copora.  It  is  expected  that  abalone 

2  _         11/11        11/11        _  —  -A  I-         ,,  ■  J-        I  J  ,■/-  • 

,,  ,  ,,,      ,,,T,,    ,„,^,  ,    ,,,  species  in  Australia.  H.  fOMifopora  displayed  amplification  at  tour 

H.  comcopora  1  1/1       36/39    20/24     —     16/16  r  r    j  r 

T         j/i      40/4^      9/11     16/17  out  ot  live  loci,  and  W. /'Of/ and //.  .sra/am  did  so  at  two  out  ot  five 

loci.  Therefore.  H.  conicoponi.  also  named  brownlip  abalone.  ap- 

Note:  A.  RUBGACAl;  B,  RUBCAl;  C.  RUBGTl;  D.  MIPR;  E,  GHR; -.  pears  to  be  more  closely  related  to  blacklip  abalone  than  the  other 

no  amplification.  three  species.  Similar  results  were  observed  in  allozvme  analysis 

*  H.  discus  was  sampled  from  a  hatchery.  ^^  g^^^^^  ^  ,99jj_  .^  ^^.^^  ^^^  .^  ^.^j^_^^^  of  blacklip  abalone 

t  n.  flMcui  was  sampled  from  the  sea.  ,  ■       r  ,  .  ,       ,  ,,         ■ 

c  ,,,,,,      .         ,,  ,  ,,        ,  ,.  to  other  species,  from  closest  to  least  related,  were  n.  co/i/co/wra. 

I  samples  ot  H.  rubra.  H.  laevigata,  H.  roei.  and  H.  scalaris  were  trom 

c„...i,  A    ...  r         J     „  1       f  1/  r        m;    .       a  ".  loci.  H.  scaloris.  and  then  H.  iaevit<ata.  It  was  unexpected  that 

south  Australia,  and  samples  ot  H.  comcopora  were  trom  Western  Aus-  '^  "^ 

,f2lJ3  there  were  no  amplifications  at  the  five  mini-  and  microsatellite 

$  Alleles  presenl  in  a  diploid  individual  are  expressed  in  ihe  number  of  'oci  for  greenlip  abalone.  because  the  observed  incidences  of  hy- 

repeats  (e.g..  4  and  5).  bridization  between  blacklip  and  greenlip  abalone  in  nature  indi- 
cate that  a  close  evolutionary  coiTclation  exists  between  these  two 

nisriTSSION  species  (Brown  1991 ).  Additional  microsatellites  need  to  be  char- 
acterized to  assess  more  fully  the  evolutionary  distances  among 

Microsatellite  sequences  are  normally  obtained  by  screening  abalone  species. 

genomic  DNA  libraries  (Jarne  et  al.  1994).  However,  it  is  a  tedious 

process  to  constnict  and  screen  genomic  DNA  libraries  and  to 

purify  and  sequence  the  clones  containing  STRs.  Recently,  it  has 

been  found  that  the  bands  amplified  with  a  single  arbitrary  primer 

(i.e.,  RAPDs)  often  contain  microsatellite  DNA  .sequences  (Rich- 
ardson et  al.  1993).  Because  the  RAPD  method  does  not  require 

any  DNA  sequence  knowledge  of  the  organisms  and  is  relatively 

easy  to  perform,  the  products  provide  a  good  source  and  starting 

point  to  search  for  microsatellites.  This  approach  circumvents  the 

construction  of  genomic  DNA  libraries  but  has  limitations.  First,  a 

number  of  RAPD  primers  need  to  be  tested  in  order  U)  determine 
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ABSTRACT  We  report  on  the  progress  ot  our  genetic  studies  on  red  abalone  (Haliolis  nifescen.^).  The  first  niicrosalellite  locus  in 
red  abalone  was  obtained  by  creating  size-selected  genomic  libraries  and  screening  for  all  combinations  of  dinucleotide  and  trinucle- 
otide repeats.  Genomic  libraries  were  created  for  samples  from  northern  California  (Punta  Gorda  Reserve),  central  California  (Morro 
Bay),  and  southern  California  (Santa  Barbara).  Initial  sequencing  of  positive  clones  identified  21  microsatellites.  The  most  common 
repeats  were  GT/TG  and  AC/CA.  Primers  were  designed  for  the  polymorphic  microsatellite  locus  Hruf200,  which  had  21  alleles 
ranging  from  97  to  149  base  pairs  in  size.  Some  rare  alleles  were  observed  in  only  northern  or  southern  California  collection  sites. 
Various  tissue  types  were  evaluated  for  abalone  genomic  library  construction,  and  gonad  tissues  produced  the  highest  yield  of  clean 
DN.-\.  Mantle  tissues  were  tested  for  tleld  treatments  such  as  alcohol,  freezing,  and  air  drying  amplified  Hruf2(K).  A  DNA  archive  was 
established  for  the  red  abalone. 

KEY  WORDS: 


INTRODUCTION 

The  commercial  fishery  for  the  California  red  abalone  iHaliolis 
riifescens  Swainson)  has  undergone  a  major  decline  since  the 
1960s  (Tegner  et  al,  1989),  Although  restocking  programs  have 
not  been  notably  successful,  management  of  the  fishery  will  need 
to  involve  the  eventual  translocation  of  adult  broodstock  from 
northern  California  to  depleted  southern  fishing  grounds  as  well  as 
continued  hatchery  seeding  programs.  With  the  closure  of  the  com- 
mercial red  abalone  fishery,  it  is  crucial  to  the  development  of  a 
management  plan  that  there  be  a  tool  to  identify  populations.  How- 
ever, to  date,  there  have  been  no  known  genetic  markers  for  popu- 
lation structure  in  the  red  abalone.  Traditional  allozyme  studies 
have  not  detected  any  significant  population  differences.  In  many 
other  marine  species  where  allozyme  studies  have  not  detected 
population  differences,  microsatellites  and  mitochondrial  markers 
haxe  been  useful  in  detecting  such  differences  (Garcia  et  al.  1994, 
Gelleret  al.  1993.  Palumbi  and  Wright  1995.  Wright  and  Bentzen 
1994), 

Microsatellites  are  a  class  of  nuclear  DNA  markers  that  are 
abundant  in  all  eukaryotic  genomes  (Tautz  19<S9)  and  consist  of 
series  of  1-5  bases  in  repeating  arrays  that  exhibit  high  levels  of 
codominant  allelic  variation  in  repeat  number  (Wright  and  Bentzen 
1994.  O'Reilly  and  Wright  1995),  Polymorphisms  exhibited  by 
specific  microsatellites  are  readily  detected  by  polymerase  chain 
reaction  (PCR)  amplification  with  oligonucleotide  primers  specific 
to  the  nonrepetitive  regions  that  flank  the  repeat  array.  Microsat- 
ellite analysis  has  the  advantage  of  using  small  amounts  of  tissue 
so  that  nonlethal  sampling  is  possible.  However,  the  use  of  mi- 
crosatellites as  DNA  indicators  of  genetic  diversity  has  slowly 
been  applied  to  marine  species  because  it  is  entirely  dependent  on 
the  a\  ailability  of  species-specific  primers  for  the  PCR.  In  order  to 
adapt  this  technology  for  use  in  the  red  abalone.  species-specific 
primers  have  to  be  developed  because  there  are  virtually  no  reports 
on  microsatellite  DNA  in  any  abalone  species. 

We  report  here  on  the  development  of  microsatellite  analysis  in 
the  red  abalone  and  the  first  microsatellite  locus,  named  Hruf200. 
Because  our  goal  was  also  to  establish  a  DNA  archive  for  red 
abalone  and  create  a  DNA  database,  our  project  also  included  the 


following  studies:  ( 1 )  detemiine  what  and  how  tissues  would  be 
collected  in  the  field.  (2)  optimize  protocols  for  DNA  extraction 
for  genomic  library  construction  and  microsatellite  analysis.  (3) 
construct  genomic  libraries  for  three  geographical  regions  of  Cali- 
fornia. (4)  initiate  the  development  of  a  DNA  archive  of  abalone 
samples.  (5)  identify  microsatellites  in  red  abalone.  and  (6)  iden- 
tify polymorphic  loci  for  population  analysis. 

METHODS 

Sample  Collections 

Adult  red  abalone,  H.  riifescens,  were  collected  from  five  sites 
in  California  for  construction  of  genomic  libraries.  In  northern 
California,  12  adults  were  collected  from  Punta  Gorda  Reserve 
(CDFG.  Kon  Kaipov),  In  central  California,  two  adult  abalone 
from  Morro  Bay  were  provided  by  Mr.  Frank  Oakes  (The  Ab 
Farm.  Cayucos.  CA).  In  southern  California,  five  adults  were  from 
the  Santa  Barbara  region  (CDFG).  Tissues  collected  from  the  adult 
abalone  were  held  at  -70°C  until  further  analysis. 

Mantle  tissues  were  collected,  extracted,  and  archived  for  DNA 
analysis  from  400  abalone  from  a  total  of  nine  coastal  or  island 
sites  and  two  abalone  aquaculture  facilities.  These  sites  (Fig,  I) 
were  divided  into  northern  and  southern  California  regions  for 
analysis.  Samples  were  either  directly  frozen  on  dry  ice  in  the  field 
or  were  kept  on  wel  ice  in  the  field  and  frozen  within  12  h  of 
collection.  The  original  tissues  were  archived  for  storage  at  -70°C. 
whereas  the  DNA  extractions  were  archived  at  -20°C.  For  the 
initial  microsatellite  analysis,  a  total  of  170  subsamples  were  ran- 
domly selected  from  northern  California  (n  =  85)  and  from  south- 
em  California  (n  =  85).  For  microsatellite  analysis,  a  small  sliver 
of  the  tissue  was  clipped  from  the  frozen  field  sample  and  put  into 
200  |jlL  of  5%  Chelex-100  (BioRad)  in  distilled  water  (wt/vol). 
These  tubes  were  then  ( 1 1  incubated  for  20  min  at  65°C.  (2)  vor- 
texed  for  3  sec.  (3)  incubated  for  10  min  at  95°C.  (4)  vortexed  for 
10  sec.  and  then  (5)  centrifuged  at  10.000  g  for  3  min.  Chelexed 
samples  were  then  used  in  a  polymerase  chain  reaction  (PCR) 
analysis  or  frozen  at  -20"C  until  PCR  analysis. 

For  determination  of  acceptable  types  of  tissues  for  microsat- 
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Figure  1.  Collection  sites  for  red  abalone.  H.  nifesceiis,  in  California. 
PG,  Punta  Gorda;  SC,  Shelter  Cove:  GC,  Gerstle  Cove;  PA,  Point 
Arena;  SP,  Salt  Point;  BB,  Bodega  Bay;  FI,  Farallon  Islands:  PP. 
Pigeon  Point;  MB,  Morro  Bay;  SB,  Santa  Barbara;  SM,  San  Miguel 
Island. 


ellite  analysis,  we  collected  matched  tissue  samples  from  two  aba- 
lone  from  Punta  Gorda  Reserve  and  treated  these  samples  by  ( 1 ) 
freezing  directly,  (2)  holding  on  ice  for  24  h  and  then  freezing,  (3) 
air  drying,  or  (4)  fixing  in  80%  ethanol  (Table  1 ).  The  tissue 
samples  were  from  the  foot  muscle,  epipodium,  mantle,  and  gonad 
biopsy.  In  our  abalone  genetic  enhancement  research,  we  routinely 
collect  nonlethal  tissue  biopsies  from  gonad,  foot,  mantle,  or  ten- 
tacles. Samples  as  small  as  1-5  nig  (a  very  small  tentacle  or  sliver 
of  tissue)  provide  ample  amount  of  DNA  for  individual  typing. 

Nonlethal  gonad  biopsies  were  collected  to  confirm  sex  as  well 
as  provide  gonad  tissue  for  comparison  of  extraction  protocols 
from  the  abalone  collected  at  Pigeon  Point.  Gonad  tissue  was 

TABLE  1. 

Four  tissue  types  were  treated  by  four  methods  of  preservation  and 
then  tested  for  amplification  of  Hruf200  microsatellite. 


Tissue  Type 

Mantle  at 

Foot 

Epipodium 

Leading 

Gonad 

Sample  Treatments 

■Muscle 

■f/Tentacle 

Edge 

Biopsy 

Freeze  within  12  h 

+ 

+ 

+ 

+ 

On  ice  24  h,  then  freeze 

+ 

+ 

+ 

+ 

Allow  to  air  dry 

-t- 

+ 

+ 

+ 

80%  alcohol 

+ 

-H 

+ 

+ 

*  +  indicates  microsatellite  DNA  recovered  from  that  ti.ssue  or  that  treat- 
ment. 


aspirated  into  a  1-mL  syringe  with  a  25-gauge  needle  held  at  an 
angle  of  approximately  15-30°,  depending  on  the  size  of  the  go- 
nad. By  passing  the  needle  just  under  the  surface  of  the  connective 
tissue  covermg  the  gonad,  one  can  observe  the  needle's  path, 
which  must  be  essentially  parallel  to  the  gonad  but  just  under  the 
protective  connective  tissue.  Slight  back  pressure  is  exerted  on  the 
syringe  plunger  to  collect  tissue  into  the  needle. 

Constructing  Size-Selected  Genomic  Libraries 

Size-selected  genomic  DNA  libraries  were  constructed  for  red 
abalone  from  three  geographical  regions  of  California.  The  north- 
ern California  library  was  represented  by  abalone  from  Punta 
Gorda;  central  California  was  represented  by  Morro  Bay;  and 
southern  California  was  represented  by  Santa  Barbara  abalone. 
One  library  was  used  to  optimize  and  validate  the  following  pro- 
cedures. Tissues  from  foot,  hypobranchial-gill  glands,  digestive 
gland,  and  ovary  were  homogenized  in  liquid  nitrogen  with  a 
mortar  and  pestle,  digested  with  proteinase  K  at  65°C  for  2  h,  and 
phenofchloroform  extracted  ( Ausubel  et  al.  1995).  DNA  was  etha- 
nol precipitated,  and  its  purity  was  spectrophotometrically  mea- 
sured. It  was  determined  that  ovary  produced  the  highest  yield  and 
cleanest  DNA.  All  other  sample  types  had  high  levels  of  RNA  and 
mucopolysaccharides.  The  other  libraries  were  then  extracted  from 
ovary  tissue  and  stored  at  -70°C.  The  genomic  DNA  was  digested 
with  .S((»3A  restriction  enzyme  and  separated  on  an  agarose  gel. 
The  200-700  base  pair  (bp)  bands  were  excised  and  purified  by 
Centricon  spin  columns.  Bands  of  this  size  were  selected  in  order 
to  allow  for  efficient  sequencing  of  cloned  fragments.  DNA  con- 
centration was  determined  by  spectrophotometry  before  storing  at 
-20°C. 

Cloning  and  Hybridization 

The  resulting  size-selected  genomic  DNA  was  ligated  to  KS- 
pUClS  vector  (Stratagene)  at  various  DNA; vector  ratios.  The  con- 
structs were  then  inserted  into  competent  Bluescript  Escherichia 
coli  bacteria  via  heat  shock  (Sambrook  et  al.  1989).  After  incuba- 
tion at  37°C  overnight,  colonies  were  lifted  onto  nylon  membranes 
for  hybridization.  Dinucleotide  and  trinucleotide  repeats  (Gibco- 
BRL)  were  end-labeled  with  P32  and  used  to  probe  the  ultraviolel- 
cross-linked  nylon  membranes  (Sambrook  et  al.  1989).  Positives 
were  cultured  in  5  mL  of  DYT  media,  and  plasmid  DNA  was 
recovered  by  alkaline  mini-preps.  This  DNA  was  then  sequenced 
via  the  Sequenase  2.0  kit  (US  Biochemical)  with  S35-dATP.  Se- 
quences were  read  directly  off  of  the  autoradiographs  for  primer 
design. 

Identification  of  Microsatelliles 

Those  microsatellite  sequences  having  sufficient  Hanking  DNA 
at  both  the  5'  and  3'  ends  were  chosen  for  primer  design.  Although 
a  total  of  seven  primer  pairs  were  tested  for  PCR  product,  only 
Hruf200  produced  nonambiguous  microsatellite  alleles  that  could 
be  consistently  scored.  Microsatellite  primers  were  tested  for  band 
amplitication  with  hot  start  PCR  as  described  by  Nielsen  et  al. 
(1994).  One  microliter  of  chelexed  sample  was  added  to  a  PCR 
mixture  of  1.25  p.L  of  lOx  PCR  buffer,  1.25  |j.L  of  10  mM  each 
dNTP.  1 .25  ixL  of  10  niM  primer  A,  0.63  |jl1  of  primer  B,  0.63  jjlL 
of  primer  B  end-labeled  with  7-'^P-ATP.  0.06  |j.L  of  Taq  poly- 
merase (Promega),  and  3.5  p.L  of  ddH,0.  Primer  sequences  for  the 
Hrul2()()  locus  were  (from  the  5'  to  3');  Hruf200A;  GAGATAGT- 
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TCGATTCAAGAT;   Hrut200B:   CCATTATAAAGGGCCG- 
GACTA. 

After  denaturing  for  5  min  at  ')4°C.  the  samples  were  cycled  for 
30  cycles  of  40  sec  at  94°C,  for  60  sec  at  50"C.  and  for  1 20  sec  at 
72"C.  Initial  PCR  cycles  used  touch  down  cycling  to  locate  the 
appropriate  annealing  temperatures.  After  PCR  amplification,  the 
samples  were  mixed  with  loading  dye  and  then  denatured  at  95°C 
for  5  min.  The  samples  were  then  electrophoresed  on  standard  8% 
polyacrylamide:  7.2  M  urea  denaturing  gels  (40  x  .30  cm)  at  60-W 
power,  mounted  on  Whatman  paper,  dried,  and  exposed  to  x-ray 
film  (Kodak  XAR-5)  for  24-72  h  at  room  temperature.  Hruf200 
alleles  were  scored  with  a  M13-labeled  sequenced  ladder  (Seque- 
nase  V.2.0;  U.S  Biochemical)  as  a  size  standard  (Yanisch-Perron  et 
al.  1985).  Onh  unambiguous  microsatellite  bands  were  scored  for 
this  report.  If  the  bands  were  too  faint  to  positively  identify  a 
microsatellite  as  homozygous  or  heterozygous,  that  sainple  was 
not  scored  and  the  sample  was  tagged  for  reanalysis.  For  shadow 
bands,  the  darkest  band  was  scored  as  the  allele.  If  bands  were  of 
equal  darkness,  they  were  not  scored  for  that  sample. 

Statistical  Analysis 

Frequency  distributions  of  allele  sizes  for  Hruf200  were  ana- 
lyzed. Heterozygosities  and  genotype  frequencies  were  obtained 
for  all  samples  combined  and  separately  for  northern  California 
and  southern  California  with  an  unbiased  estimate  of  the  Fisher's 
exact  test  (GENEPOP;  Raymond  and  Rousset  1994).  Combined 
and  regional  groups  were  tested  for  Hardy-Weinburg  equilibrium 
with  the  X"  test. 

RESULTS 

Sample  Collections 

We  treated  the  mantle  tissue  in  a  variety  of  ways  to  simulate 
field  conditions  such  as:  ( I )  immediately  frozen,  (2)  kept  on  ice  for 
24  h  and  then  frozen.  (3)  air  dried,  and  (4)  stored  in  80%  ethanol 
(Table  1 ).  Mantle  tissue  kept  under  these  conditions  amplified 
Hruf20().  Epipodium,  foot  muscle,  and  gonad  tissues  also  ampli- 
fied Hruf200.  Although  this  analysis  was  only  done  on  four  tissues 
from  one  abalone.  it  suggested  that  any  of  these  tissues  collected 
in  the  above  manner  may  be  used  for  Hruf200  microsatellite  analy- 
sis. However,  this  may  not  be  true  for  other  microsatellite  loci; 
therefore,  we  have  kept  all  samples  frozen  for  the  study  until  we 
can  repeat  these  preliminary  experiments  with  more  replicates  and, 
more  important,  use  these  in  PCR  for  different  microsatellite  loci. 

The  gonad  biopsy,  which  can  be  used  in  the  field,  is  more 
definitive  for  determining  the  sex  of  animals  than  is  the  standard 
visual  examination.  We  noted  that  in  the  field,  most  individuals  (n 
=  16)  that  appeared  to  be  female  by  visual  examination  were 
actually  immature  males  on  the  basis  of  biospy.  At  the  same  time 
of  year.  California  Department  of  Fish  and  Game  field  researchers 
had  observed  that  there  seemed  to  be  mosdy  females  in  the  field  at 
one  of  the  Channel  Islands.  Because  some  abalone  have  a  fair 
amount  of  dark  pigment  in  the  connective  tissue  covering  the 
gonad,  a  male  with  poor  gonad  development  could  be  visually 
mistaken  for  a  female.  Also,  in  the  case  of  a  male  with  a  com- 
pletely refractive  gonad,  the  hepatopancreatic  organ  shows  through 
the  connective  fissue,  giving  a  dark  appearance.  It  may  be  that  in 
some  areas,  the  males  are  not  developing  their  gonads  at  the  same 
time  as  the  females.  We  have  observed  this  in  abalone  aquaculture 
with  abalone  5  inches  or  less  in  size  for  the  last  3  y.  Animals  of  the 


same  age  did  not  have  sexually  mature  gonads  during  the  same 
season. 

We  also  note  that  of  the  205  biopsies  performed  at  our  labo- 
ratory, only  one  abalone  died,  and  it  was  one  of  the  very  first 
animals  to  be  tested  by  our  biopsy  protocol.  If  care  is  taken  to 
a\oid  puncturing  the  digestive  gland  by  inserting  the  needle  at  a 
shallow  angle  to  the  surface  of  the  gonad,  the  biopsy  is  non  lethal 
and  can  be  done  several  times  on  the  same  abalone. 

Abalone  Microsatelliles 

A  total  of  26  microsatellites  were  isolated  from  31  positive 
clones  from  the  partial  genomic  library.  Perfect,  imperfect,  and 
compound  repeat  core  sequences  (as  defined  in  Weber  1990)  were 
observed.  (GT/TG),,  microsatellite  repeats  together  with  the  (AC/ 
CA)„  repeats  represented  83%  of  the  abalone  microsatellites.  Di- 
nucleotides  were  the  most  common  type  of  microsatellite  (75%  of 
the  total). 

The  initial  population  analysis  for  this  report  used  170  samples 
randomly  selected  from  northern  and  southern  California,  includ- 
ing Punta  Gorda.  which  is  the  most  northern  of  all  of  the  collection 
sites.  Of  these  samples,  74  amplified  a  microsatellite  band  that 
could  be  unambiguously  scored  for  variation  in  allelic  size.  Most 
of  the  96  samples  that  could  not  be  scored  unambiguously  had 
amplified  microsatellite  bands,  but  they  were  either  too  faint  to 
determine  whether  they  were  homozygous  or  heterozygous  or  stut- 
ter bands  were  too  dark  to  determine  which  allelic  band  was  the 
actual  correct  bp  size.  For  the  samples  that  produced  nonambigu- 
ous  microsatellite  bands,  it  was  determined  that  there  were  21 
alleles  at  the  Hruf200  locus  (a  GT  repeat),  which  ranged  in  size 
from  97  to  149  bp. 

A  frequency  distribution  analysis  (Fig.  2)  indicated  that  the 
most  common  alleles  were  97-103  bp  for  the  northern  populations 
and  101-103  and  121  for  the  southern  populations.  These  appeared 
to  be  a  bimodal  distribution  of  alleles  with  a  cluster  corresponding 
to  99-105  bp  and  a  second  cluster  between  115-121  bp.  A  more 
complex  pattern  may  emerge  as  more  samples  are  evaluated.  Punta 
Gorda  abalone,  the  most  northern  population,  were  not  distinguish- 
able from  other  northern  California  red  abalone,  but  they  did  share 
alleles  that  were  only  observed  in  the  northern  populations.  North- 
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Figure  2.  Frequency  distribution  of  Hruf200  alleles  by  region. 
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TABLE  2. 

Genetic  variance  at  Hruf200  locus  in  total  sample  population  (all  of 

California)  and  separately  as  northern  and  southern  California 

regions. 


n 

Heterozygosity 

Region 

Observed 
(Direct  Count) 

Expected 
( Hardy-WeinbergI 

No.  of 
Alleles 

All  California 
Northern  CA 
Southern  CA 

74 
39 
35 

35 
23 
12 

56 

31.1 

24.9 

28 
17 
12 

em  California  red  abalone  had  unique  alleles  of  III.  113,  127, 
135,  and  143  bp.  In  contrast,  southern  California  abalone  had  the 
one  unique  allele  of  109  bp.  However,  more  samples  will  have  to 
be  analyzed  to  determine  if  any  of  these  alleles  can  be  used  as 
population  markers. 

The  observed  heterozygosity  (Table  2)  indicated  that  there  was 
a  relatively  high  level  of  variability  of  Hruf200.  The  genotype 
frequencies  for  all  regions  combined  conformed  to  Hardy- 
Weinberg.  as  do  those  for  southern  California  animals.  However, 
the  northern  California  data  did  not,  indicating  that  further  samples 
are  needed  before  further  statistical  analysis. 

DISCUSSION 

In  this  report,  we  have  shown  that  microsatellites  can  be  found 
in  red  abalone  and  we  have  reported  on  the  first  microsatellite 
marker,  designated  as  Hruf200.  GT/CA  repeats,  such  as  Hruf200, 
represented  83%  of  the  microsatellites  observed.  This  is  consistent 
with  the  literature,  where  GT/CA  repeats  predominate  (Stallings  et 
al.  1991).  Hruf200  was  polymorphic,  with  21  alleles  detected  in  74 
abalone.  Almost  all  of  the  original  170  samples  amplified  micro- 
satellite  alleles  with  Hruf200.  but  they  could  not  be  unambiguously 
scored.  Preliminary  reanalysis  of  some  of  these  samples  suggests 
that  too  much  DNA  was  used  in  the  PCR,  and  many  of  these 
samples  were  the  first  samples  that  we  chelexed.  We  later  deter- 
mined that  a  much  smaller  quantity  of  DNA  was  adequate  for 
chelex  extraction.  Several  alleles  were  observed  in  only  either  the 
northern  or  the  southern  samples.  These  alleles  were  generally  rare 
and  may  or  may  not  prove  to  be  unique  to  the  respective  popula- 


tions. However,  there  are  over  400  more  samples  in  our  DNA 
archive  to  be  analyzed  with  Hruf200  to  determine  if  allelic  varia- 
tion at  this  locus  can  be  used  as  a  population  marker. 

Our  project  objectives  included  the  evaluation  of  microsatellite 
analysis  for  red  abalone.  When  we  initiated  this  project,  there  was 
no  literature  available  on  technique  for  abalone  microsatellite 
analysis.  Because  this  was  also  the  first  attempt  on  red  abalone  to 
develop  microsatellite  primers,  we  concluded  that  our  first  inves- 
tigations should  include  building  genomic  libraries  for  microsat- 
ellite screening,  determining  the  type  of  tissues  and  their  condition 
necessary  for  microsatellite  analysis,  and  then  initiating  screening' 
of  genomic  libraries.  Although  only  one  library  is  necessary  for 
screening,  we  have  taken  the  long-term  approach  by  building  li- 
braries for  different  geographical  regions  of  California  to  eventu- 
ally screen  for  site-specific  loci. 

We  have  successfully  completed  the  first  stages  and  determined 
that  either  mantle,  epipodium.  foot  muscle,  or  gonad  biopsy  can  be 
used  for  Hruf200  microsatellite  analysis.  These  tissues  can  be 
either  fresh,  frozen,  alcohol  preserved,  or  dried.  As  we  continue  to 
sequence  the  number  of  clones,  we  expect  to  find  more  polymor- 
phic loci  for  the  analysis  of  population  structure  in  red  abalone.  We 
will  continue  to  screen  more  individuals  as  well  as  search  for  other 
microsatellite  loci  for  statistical  analysis  of  population  differences. 
Ultimately,  we  hope  that  DNA  fingerprinting  technology  that  uses 
the  analysis  of  microsatellites  will  provide  information  to  allow  us 
to  address  questions  related  to:  (1 )  distinguishing  between  abalone 
populations,  (2)  inonitoring  the  success  or  failure  of  abalone  re- 
stocking and  conservation  efforts,  and  (3)  providing  forensic  mark- 
ers for  law  enforcement  of  protected  stocks. 
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ABSTR.\CT  Shell  lesions  are  reported  in  the  three  New  Zealand  species  of  Haliotis  (Haliotis  iris  Martyn.  1784.  Haliotis  australis 
Gmelin.  1791.  and  Haliotis  virginea  virginea  Gmelin.  1791).  The  lesions  are  described  as  blisters  of  conchiolin.  and  occasionally 
nacreous  material,  forming  on  the  inside  of  the  abalone  shell  near  the  apex.  Twelve  il69c)  of  76  H.  iris.  21  (38%)  of  56  H.  australis. 
and  5  ( lOO^f )  of  5  H.  virginea  virginea.  had  lesions,  some  of  which  disrupted  the  adductor  muscle  scar.  Specific  histological  stains 
confirmed  the  presence  of  fungal  h\phae  within  lesions  and  the  shell  matri.\  of  affected  H.  iris  and  H.  australis.  No  pathological 
changes  or  e\  idence  of  fungal  infection  w ere  observed  m  any  of  the  soft  tissues  of  the  lesion-bearing  animals  examined.  Lesions  were 
most  pre% alent  in  populations  in  the  Catlins  region  of  South  Otago  and  off  the  northeast  coast  of  Stewart  Island,  although  they  were 
found  throughout  the  southern  New  Zealand  range  of  H.  iris,  including  offshore  islands.  The  mean  shell  length  of  lesion-bearing  H. 
iris  was  significantly  (p  <  0.051  less  than  that  of  nonlesion-beanng  H.  iris  at  4  of  1 1  locations  sampled. 

KEY  WORDS:     ahalone.  paua.  H.  iris.  H.  australis.  H.  virginea  virginea.  New  Zealand,  shell  lesion,  fungus 


INTRODUCTION 

The  marine  genus  Haliotis  (Mollusca;  Gastropoda)  is  distrib- 
uted through  the  temperate  and  tropical  regions  of  the  world,  in- 
cluding New  Zealand,  where  it  is  represented  by  three  endemic 
species:  Haliotis  iris  Martyn.  1784,  Haliotis  australis  Gmelin. 
1791,  and  Haliotis  virginea  virginea  Gmelin.  1791  (Powell.  1979). 
Commonly  called  abalone.  or  paua.  the  largest  and  most  abundant 
species.  H.  iris,  is  the  basis  of  a  substantial  inshore  fishery.  Har- 
vested abalone  are  often  exported  as  a  highly  prized  food,  whereas 
the  shells  are  used  for  jewelr.'  and  in  the  inlaying  of  furniture. 
They  are  also  increasingly  important  as  an  aquaculture  species,  for 
both  meat  and  pearl  production. 

Recenriy,  it  was  observed  that  some  individuals  of  H.  iris,  in 
the  vicinity  of  Stewart  Island  (47°S  and  168-E),  had  lesions  on  the 
inside  of  the  shell.  The  lesions  generally  appeared  as  brown,  jelly- 
like material  resembling  conchiolin.  The  lesions  severely  damaged 
the  shell  of  affected  individuals,  with  a  resulting  loss  of  earnings 
for  both  fishers  and  exporters.  Furthermore,  aquaculturalists  re- 
ported that  this  condition  could  be  fatal  to  animals  kept  in  captivity 
(D.  Langdon  pers.  comm.).  The  effects  of  this  condition,  and  its 
prevalence  and  distribution  in  wild  abalone  populations,  were  un- 
known. A  search  of  English  language  journals  revealed  no  reports 
of  similar  shell  lesions  among  the  many  other  species  of  Haliotis 
found  outside  New  Zealand.  There  are  several  reports  of  parasites 
that  invade  the  shells  of  abalone.  Crofts  ( 1929)  reported  that  Hali- 
otis tuhercidata  Linnaeus  shells  were  frequently  damaged  by  bor- 
ing bivalves  such  as  Lithodomus  sp.  and  Pholadidea  sp.  Further 
reports  include  a  boring  barnacle  (Batham  and  Tomlinson  1965).  a 
sponge  (Clavier  1992),  and  parasitic  worms  (Cox  1962,  Oakes  and 
Fields  1994).  In  New  Zealand.  Sinclair  (1963)  and  Sainsbury 
(19771  described  various  shell  conditions  in  H.  iris  from  the  Well- 
ington area  and  from  Banks  Peninsula  and  Peraki  Bay  areas,  re- 
spectively. Both  authors  describe  shell  pathologies  that  appeared  to 
share  some  characteristics  with  those  described  here. 


This  study  provides  a  detailed  description  of  the  macroscopic 
and  microscopic  structure  of  the  shells  and  soft  tissues  of  affected 
and  unaffected  specimens  of  the  three  abalone  species  native  to 
New  Zealand.  In  addition,  the  geographic  distribution  and  infor- 
mation on  the  prevalence  of  these  lesions  in  wild  populations  of 
abalone  in  New  Zealand  are  provided. 

MATERIALS  AND  METHODS 

Description  of  Lesions  and  Histology 

A  total  of  76  H.  iris  (50.8-151.7  mm  shell  length),  56  H. 
australis  (26.5-86.0  mm  shell  length),  and  5  H.  virginea  virginea 
(47.2-63.8  mm  shell  length)  were  collected  by  divers  (using 
SCUBAj  from  shallow  subtidal  populations  at  Little  River,  Stew- 
art Island  (46°53'S,  168°06'E),  in  Febniary  1995  and  from  Jacks 
Bay  in  South  Otago  (46°30'S,  169°44'E),  in  December  1995.  The 
shell  was  detached  from  the  soft  tissue  of  the  animal,  and  the  inside 
was  examined  for  the  presence  of  lesions.  The  size,  location,  and 
description  of  shell  lesions  were  characterized  from  these  lesion- 
bearing  animals.  Selected  individuals  were  sampled  for  micro- 
scopic analysis,  as  given  below.  To  determine  the  extent  to  which 
the  adductor  muscle  attachment  site  was  affected  by  the  lesion,  a 
random  selection  of  63  affected  H.  iris  shells  and  24  affected  H. 
australis  shells  were  set  aside  from  the  commercial  catches 
sampled  as  described  below. 

Square  pieces  of  shell  measuring  approximately  1  cm"  were 
excised  from  affected  and  unaffected  animals  with  a  small  hand- 
held electric  grinder.  These  samples  were  placed  in  Bouins  solu- 
tion (Humason  1979)  in  seawater  for  at  least  14  days,  embedded  in 
Paraplast^".  and  sectioned  transversely  at  a  thickness  of  7  jjtm  by 
the  techniques  described  by  Humason  ( 1979).  Shell  tissue  sections 
were  stained  with  periodic  acid  Schiffs  reaction  (PAS),  Hotch- 
kiss-McManus  method  (McManus  1948),  and  Grocott's  adaptation 
of  Gomori"s  methenamine-silver  nitrate  method  (SS)  for  fungi 
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(Grocott  1955).  Samples  of  shell  were  taken  from  11  lesion- 
bearing  and  1 1  nonlesion-bearing  H.  iris  and  10  lesion-bearing  and 
14  nonlesion-bearing  H.  ciiistnilis. 

In  order  to  examine  the  effect  of  lesions  on  soft  tissues,  we 
examined  all  major  tissues  including  foot,  digestive  gland,  kidney, 
gill,  and  mantle  from  10  H.  iris  and  10  H.  austmlis  with  and 
without  lesions.  For  animals  with  lesions,  a  sample  of  tissue  ad- 
jacent to  lesions  was  also  examined.  Cross-sections  (3-4  |jLm  thick) 
of  selected  tissues  were  placed  in  Davidson's  invertebrate  fixative 
(Shaw  and  Battle  1957)  for  24—48  h  and  processed  for  routine 
paraffin  histology  (Humason  1979).  Deparaffinized  sections  were 
stained  with  Lillie-Mayer  haematoxylin  and  eosin  (Lillie  1965) 
and  PAS  and  viewed  by  bright  field  microscopy. 

Distribution 

Samples  of  commercially  caught  H.  iris  (i.e.,  animals  larger 
than  125  mm  shell  length)  from  21  locations  around  the  South 
Island  and  Stewart  Island  of  New  Zealand  were  sampled  at  a 
processing  factory  in  Dunedin.  One  to  three  groups  of  250  abalone 
were  sampled  from  each  geographic  location,  and  the  presence  or 
absence  of  the  condition  was  noted  for  each  animal  (7,500  H.  iris 
were  examined  in  total).  Twelve  affected  H.  iris  shells  were  also 
collected  from  a  commercial  abalone  processor  on  the  Chatham 
Islands  (44°53'S.  I76"30'W).  Fifteen  specimens  of  W.  australis 
were  collected  from  the  Snares  Islands  (48°00'S,  I66°35'E),  and 
five  specimens  of//,  virginea  virgiiiea  were  collected  from  Camp- 
bell Island  (52°30'S,  I69°10'E). 

Size 

To  ascertain  if  an  association  exists  between  the  size  of  com- 
mercially caught  abalone  and  the  presence  of  shell  lesions,  we 
examined  H.  iris  from  selected  locations  throughout  the  South 
Island  of  New  Zealand.  At  least  107  //.  iris  were  randomly  se- 
lected from  each  of  the  commercial  catches,  and  the  shell  lengths 
of  affected  and  unaffected  animals  were  measured  to  the  nearest 
0.1  mm  with  calipers.  Catches  in  which  more  than  10%  of  the 
measured  abalone  were  affected  with  shell  lesions  were  selected 
for  analysis,  resulting  in  a  total  of  1 ,679  abalone  in  1 1  catches  from 
9  locations.  Single-factor  analyses  of  variance  were  used  to  com- 
pare the  shell  lengths  of  affected  and  unaffected  //.  iris  from  each 
catch. 

To  assess  the  size  range  of  animals  exhibiting  lesions,  56  speci- 
mens of  H.  iris  and  36  specimens  of  //.  australis.  ranging  above 
and  below  the  minimum  legal  size  (125  and  80  mm,  respectively), 
were  collected  from  Little  River,  Stewart  Island.  The  shell  lengths 
were  measured  to  the  nearest  0. 1  mm,  and  the  shell  was  dissected 
from  the  soft  tissues,  as  before,  to  examine  for  lesions.  A  Kol- 
mogorov-Smirnov  two-sample  test  was  used  to  assess  the  relation- 
ship between  animal  size  and  presence  of  shell  lesions. 

RESULTS 

Description  of  Lesions 

Lesion  prevalence  in  populations  of  H.  iris  at  the  Little  River 
and  Jacks  Bay  sites  was  54  (n  =  56)  and  45%  (n  =  20),  respec- 
tively, whereas  in  //.  australis,  the  estimates  were  47  (n  =  36)  and 
50%  (n  =  20),  respectively  (Table  I ).  All  H.  virginea  virginea 
sampled  from  Little  River  (n  =  2)  and  from  Jacks  Bay  (n  =  3) 
were  affected.  In  over  95%  of  all  affected  specimens  examined,  we 
observed  no  indication  of  the  presence  of  lesions  on  the  exterior  of 


TABLE  1. 

Number  of  specimens  of  H.  iris.  H.  australis.  and  H.  virginea 

virginea  examined  from  each  of  two  locations  (Little  River  and 

Jacks  Bay)  and  the  number  (and  percent)  affected  by  shell  lesions. 


No.  of 

Number  Affected 

Species 

Location 

Specimens 

(%) 

H.  ins 

Little  River 

56 

30(54%) 

//.  iris 

Jacks  Bay 

20 

9(45%) 

H.  (iitslrtilis 

Little  River 

36 

17(47%) 

H.  (iitslralis 

Jacks  Bav 

20 

10(50%) 

H.  virginea 

vi) 

■giiiea 

Little  River 

2 

2(100%) 

H.  virginea 

vii 

-ginea 

Jacks  Bay 

3 

3(100%) 

the  shell.  Although  Polydora  tubes  were  evident  on  the  exterior  of 
the  shells,  irrespective  of  the  presence  of  lesions,  none  penetrated 
through  the  innermost  layers  of  the  shell.  A  few  //.  iris  did  have 
lesions  that  were  evident  externally,  and  these  were  characterized 
by  the  collapse  and  destruction  of  the  shell  around  the  apex  region 
(Fig.  I ).  Usually,  a  shell  lesion  appeared  as  a  golden-brown  growth 
on  the  inside  of  the  shell.  The  condition  was  always  evident  at  the 
apical  region  and.  in  large  lesions,  extended  from  the  apex  to 
include  the  site  where  the  adductor  muscle  attaches  to  the  shell. 
Small  lesions  were  not  usually  beneath  the  attachment  site  of  the 
adductor  muscle  (Table  2).  In  21  (16%)  of//,  iris  and  15  (38%)  of 
H.  australis  shells  examined,  the  adductor  mu.scle  scar  was  dis- 
rupted by  an  extensive  lesion  (Table  3).  Lesions  ranged  in  size 
from  0.01  to  40  cm",  were  soft  with  a  jelly-like  matrix,  often 
contained  a  gritty  component,  and  had  a  pungent  odour  (Fig.  2), 
Sometimes,  a  spherical  nacreous  blister  encompassed  the  soft 
jelly-like  lesion  (Fig.  3).  In  a  few  cases  where  the  exterior  of  the 
shell  had  collapsed,  the  nacreous  layer  completely  covered  the 
lesion  and  isolated  it  from  the  mantle  cavity.  The  nacreous  blisters 
ranged  in  size  from  9  to  30  cm''.  Shell  lesions,  similar  to  those 
described  above  for  //.  iris,  were  also  observed  in  //.  australis  and 
H.  virginea  virginea  (Fig.  2). 

Histology  of  Shell  and  Soft  Tissues 

All  unaffected  H.  iris  and  //.  australis  shells  examined  by  light 
micro.scopy  (n  =  1 1  and  n  =  14,  respectively)  showed  an  orga- 
nized, lavered  structure  that  consisted  of  alternating  layers  of  cal- 


Fijjiire  1.  An  alTected  //.  iris  Ion  the  right)  showing  the  external  crum- 
bling and  caving-in  of  the  apex  of  the  shell  (arrow).  This  occurs  in 
some  extreme  cases  of  the  condition.  The  H.  iris  on  the  left  is  unaf- 
fected by  the  condition.  Scale  bar,  1.5  cm. 
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TABLE  2. 

The  nunibcT  of  affected  indi>i(luals  ol'  H.  iris  and  //.  australis  and  the  relationship  between  the  area  of  their  shells  with  lesions  and  the  area 

of  their  adductor  muscle  site  exhibiting  lesions. 


Area  of  Shell  Covered 
by  Shell  Lesion  ('^r)  in 
H.  iris  and  H.  aiistralis 


None 


No.  of  Animals  and 
Area  of  Adductor  Muscle  Scar  Covered  by  Lesion  {%) 


+  -10% 


11-15% 


15-20% 


21-25^ 


26-50? 


H.ihs  +  -W<;i 

16 

1 1-25% 

21 

26-50% 

4 

51-75% 

— 

H.  auslralis  + -\0% 

4 

11-25% 

3 

26-50% 

1 

51-75% 

— 

cium  carbonate  and  protein  (Fig.  4).  In  all  affected  H.  iris  and  H. 
auslralis  shells  (n  =  1 1  and  n  =  10.  respectively),  normal  shell 
organization  was  disrupted  and  damaged.  Gaps  and  necrotic  tissue 
or  conchiolin  were  frequently  observed  between  shell  layers,  and 
the  shell  was  thickened  adjacent  to  the  lesion  (Fig.  5).  The  shells 
of  all  lesion-bearing  animals  contained  hyphae-like  structures  that 
were  generally  straight,  sparsely  branched,  and  septate  (Fig.  6). 
These  structures  were  generally  thin  (1.20-2..-!S  |j.m  in  diameter), 
and  no  prochlamydospores  were  observed.  Hyphae-like  structures 
with  apical  swellings  (4.8-7.2  x  7.2-15.0  (xm)  were  observed  in 
three  specimens  examined.  These  hyphal  structures  reacted  posi- 
tively to  specific  staining  (PAS  and  SS)  for  fungi.  Although  similar 
hyphal  structures  were  present  in  all  of  the  affected  shells  o(  H.  iris 
and  H.  auslralis  that  were  examined,  they  were  also  sometimes 
found  in  nonlesion-bearing  shells,  either  on  the  outside  of  the  shell 
or.  in  a  few  instances,  as  a  shallow  penetration  of  the  shell  (Table  4). 
Macroscopic  and  microscopic  examination  of  the  auricles,  ven- 
tricles, right  and  left  kidneys,  hypobranchial  glands,  gonads,  gills, 
adductor  muscles,  and  mantle  revealed  no  detectable  differences  in 
tissue  architecture  between  animals  with  and  those  without  lesions. 
Tissue  sections  taken  from  sites  on  the  conical  appendage  directly 
adjacent  to  severe  lesions  revealed  no  pathological  changes  (e.g., 
no  metaplasia  or  infiltration  of  hemocytes).  No  fungal  hyphae  were 
found  in  any  of  the  soft  tissues  examined. 


/ 


c 


■K' 
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Figure  2.  The  interior  shell  surface  of  lesion-bearing  H.  iris  (A).  H. 
auslralis  (Bl,  and  H.  virginea  virginea  (Cl  shells.  Lesions  (arrowsl  are 
present  on  the  inner  surface.  Scale  bar,  1.5  cm. 


Geographic  Distribution 

The  21  locations  surveyed  around  the  South  Island  and  Stewart 
Island  showed  that  shell  lesions  were  found  in  H  iris  throughout 

TABLE  3. 

Number  of  H.  iris  and  H.  auslralis  that  had  a  portion  of  the 
adductor  muscle  site  disrupted  and  those  that  did  not. 


Attachment 

Attachment 

Affected  or 

Total 

Site 

Site 

Species 

Unaffected 

Number 

Not  Affected 

Affected 

H.  iris 

Unaffected 

67 

(n  =   130) 

Affected 

63 

42(32%) 

21  (16%) 

H.  auslralis 

Unaffected 

16 

(n  =  40) 

Affected 

24 

9(23%) 

15  (38%) 

Figure  3.  Transverse  section  of  an  affected  H.  iris  shell.  This  shell  has 
a  lesion  (L)  completely  covered  by  a  nacreous  layer  (N).  Note  the 
thickening  of  the  shell  in  the  region  of  the  lesion.  Scale  bar,  0.75  cm. 
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Figure  4.  Transverse  section  of  an  unaffected  H.  iris  shell  stained  with 
PAS.  The  exterior  (E)  of  the  shell  and  the  alternating  calcium  carbon- 
ate (C)  and  protein  layers  are  highlighted.  Scale  bar,  25  ^m. 

the  area  sampled  (Fig.  7).  The  prevalence  of  affected  H.  iris  ranged 
from  0%  at  several  sites,  particularly  in  the  Marlborough  Sounds 
region,  to  a  maximum  of  70%  at  one  location  in  the  Catlins  region. 
The  two  catches  from  the  Breaksea/Dusky  Sound  location  had 
lesion  prevalences  of  0.4  and  42.4%.  Lesions  were  present  in 
animals  at  all  three  of  the  off-shore  islands  sampled.  Eight  of  the 
15  H.  australis  from  the  Snares  Islands  were  affected,  and  1  of  the 
5  H.  virginea  virginea  from  Campbell  Island  was  affected.  Twelve 
affected  shells  of  H.  iris  were  collected  from  a  Chatham  Island  fish 
processor. 

Although  the  mean  shell  length  of  affected  H.  iris  was  less  than 
the  mean  shell  length  of  unaffected  H.  iris  from  all  19  catches 
sampled,  differences  were  significant  at  only  four  locations:  Cape 
Jackson,  the  northeast  coast  of  Stewart  Island,  Port  Adventure,  and 
Coal  River  (Table  5).  Animals  sampled  from  Little  River  showed 
that  lesion-bearing  H,  iris  ranged  in  shell  length  from  64.3  to  147.0 


Wmntfi^-" 


■  tdiRMBytf^ 


^ 


Figure  6.  Transverse  section  of  an  affected  //.  iris  shell  stained  with 
PAS.  Fungal  hyphae  (H)  may  be  seen  throughout  the  shell  matrix.  The 
hyphae  are  sparsely  branched  (B)  and  separate  (S).  Scale  bar.  10  ^m. 

mm.  whereas  lesion-bearing  H.  australis  ranged  in  shell  length 
from  44.8  to  86.0  mm  (Figs.  8  and  9).  No  significant  correlation 
was  observed  between  shell  length  and  the  presence  of  shell  le- 
sions in  H.'  iris  (p  >  0.05.  D^„  =  0.3127,  n  =  56)  sampled  from 
Little  River  (Fig.  8).  However,  we  did  observe  a  significant  trend 
of  increasing  prevalence  of  shell  mycosis  to  increasing  shell  length 
in  H.  australis  (Fig.  9;  p  <  0.05,  D„,^^  =  0.5202,  n  =  36). 

DISCUSSION 

The  lesions  described  in  this  study  of  the  New  Zealand  species 
of  Haliotis  were  rarely  visible  on  the  exterior  of  the  shell  (Fig.  1 ) 
but  were  always  evident  on  the  inside  of  the  shell.  Unlike  many 
damaged  mollusc  shells  (Vermeij  1993).  lesion-bearing  H.  iris  and 
H.  australis  collected  from  the  wild  always  exhibited  damage 
around  the  apex,  the  oldest  part  of  the  shell.  In  specimens  with 
extensive  damage,  lesions  appeared  to  initiate  at  the  apex  and  from 
there  expand  toward,  and  eventually  under,  the  site  of  adductor 
muscle  attachment.  Small  lesions  (circa  0.01  cm")  were  jelly  like 
in  consistency,  whereas  larger  lesions,  which  often  covered  con- 
siderable proportions  of  the  inner  shell  (circa  40  cm"  in  area;  Figs. 
2  and  3),  including  the  adductor  muscle  scar  (Table  2).  were  hard 
in  consistency,  caused  shell  thickening  (Fig.  5 1,  and  may  have 
calcified. 

The  presence  of  fungal  hyphae  associated  with  all  of  the  af- 
fected shells  was  confirmed  with  PAS  and  SS  for  fungi  (Grocott 

TABLE  4. 

Number  of  lesion-bearing  and  nonlesion-bearing  H.  iris  and  H. 

australis  in  which  hyphae  were  either  absent,  present  on  the  shell 

surface  only,  or  embedded  in  the  shell  or  lesion. 


Figure  5.  Trans\erse  section  of  an  affected  H.  iris  shell  stained  with 
PAS.  The  shell  layers  are  disrupted,  broken,  and  considerably  thick- 
ened. The  magnification  and  orientation  are  as  for  Figure  8.  with  the 
exterior  (E)  of  the  shell  being  marked.  Scale  bar,  25  pni. 
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Figure  7.  The  South  Island  of  New  Zealand  showing  the  locations  of 
commercial  catches  of  H.  iris  sampled  for  the  presence  of  shell  lesions. 
The  percentage  of  affected  H.  iris  from  each  catch  is  given  and  the 
number  of  catches  sampled  at  each  location  is  indicated  in  parentheses 
after  the  location  name. 


1955;  Fig.  6).  Although  fungal  hyphae  were  also  found  in  a  few 
shell  samples  taken  from  nonlesion-bearing  shells  (Table  4).  they 
were  only  found  in  the  surface  layers  of  the  shell,  which  suggests 
that  they  may  represent  an  early  stage  in  the  development  of  le- 
sions. Microscopic  examination  of  stained  tissue  sections  from 
visceral,  pedal,  mantle,  and  adductor  muscle  tissues  of  several 
lesion-bearing  animals  appeared  normal  iBevelander  1988)  and 
did  not  contain  fungal  hyphae.  These  lesions  were  thus  confined  to 
the  shell  of  the  animal. 

Sinclair  (1963)  described  a  number  of  irregularities  occurring 
in  shells  of  H.  iris  from  the  Wellington  district  that  share  some 
macroscopic  characteristics  with  the  lesions  we  describe.  ."Mthough 
the  site  of  some  lesions  described  by  Sinclair  ( 1963)  is  similar  to 
those  described  here  (i.e..  posterior  to  the  adductor  muscle  scar), 
the  tubercules  were  described  as  similar  in  structure  to  nacreous 
pearls.  No  mention  was  made  of  a  brown-colored,  soft,  jelly-like 
substance  or  of  the  potential  for  the  adductor  muscle  to  become 
detached  from  the  shell.  Sainsbury  (1977)  also  briefly  described 
blisters  in  Haliotis  from  Banks  Peninsula,  which  in  some  cases 
resulted  in  the  animal  losing  its  shell.  These  blisters  were  attributed 


TABLE  5. 

Location,  mean  shell  length,  and  number  of  unaffected  and  affected 

H.  iris  sampled,  together  with  estimates  of  signiHcant  differences 

(bold  indicates  p  <  0.01)  between  the  shell  length  of  unaffected  and 

affected  animals  at  each  site. 
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137.9 
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(n  =  128) 

(n  =  40) 

Dusky/Breaksea 
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Coal  River 

143.8 
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Figure  8.  Histogram  showing  the  percent  frequency  of  affected 
and  unaffected  H.  iris  in  different  size  classes  collected  from  Little 
River. 
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Figure  9.  Histogram  showing  the  percent  frequency  of  affected  and 
unaffected  H.  australis  in  different  size  classes  collected  from  Little 
River. 


to  irriuilion  by  boring  organisms  und/or  sand  grains  lodged  in  the 
mantle  cavity.  Although  many  of  the  abalone  in  our  study  were 
infested  with  Palydora  sp..  no  penetration  into  the  nacreous  layer 
was  observed.  In  addition,  we  did  not  observe  any  evidence  of 
sand  within  the  shell  cavities  of  affected  or  unaffected  animals. 
The  lesions  we  describe  appear  to  be  composed  of  conchiolin  and 
fungal  hyphae.  In  an  earlier  study,  we  isolated  pure  cultures  of  a 
fungus  from  shell  lesions  of  New  Zealand  abalone  (Friedman  et  al. 
1997).  On  the  basis  of  the  limited  information  provided  by  Sinclair 
(1963)  and  Sainsbury  ( 1977).  the  lesions  we  describe  differ  from 
those  they  report. 

Records  of  fungus-like  structures  invading  the  calcareous  parts 
of  marine  animals,  particularly  molluscs  (e.g..  Stirrup  1872),  date 
back  more  than  100  y  (Kohlmeyer  1969).  Johnson  and  Anderson 
(1962)  reported  hyphae  and  chlamydospores  of  a  fungus  that 
showed  affinities  to  Endoi^one  (Phycomycetes)  in  a  shell  of  y4)!()- 
mia,  and  Najdenova  and  Zakhaleva  (1992)  described  fungal  shell 
diseases  in  oysters  (Ostrea  edidis  Linne)  and  mussels  (Myldiis 
galloprovincialis  Lamarck)  froin  the  Black  Sea.  Korringa  (1951) 
reported  a  shell  disease  that  resulted  in  conchiolin  warts  on  the 
inner  surfaces  of  the  shells  of  O.  edidis  and  that  was  later  attributed 
to  the  fungus  Ostracoblabe  implexa. 

The  possible  role  of  the  fungus  reported  here  in  the  develop- 
ment of  shell  lesions  in  New  Zealand  Halioiis  awaits  further  elu- 
cidation as  does  the  e.xtenl.  if  any.  to  which  the  presence  of  the 
fungus  is  facilitated  by  the  presence  of  worms  and/or  other  irri- 
tants, such  as  sand  grains.  Although  it  is  clear  that  these  lesions  are 
restricted  to  the  shell,  as  was  also  apparently  the  case  with  those 
described  by  both  Sinclair  ( 196.3)  and  Sainsbury  ( 1977).  it  is  pos- 
sible that  the  presence  of  the  lesion  and  associated  fungus  may 
atfect  these  molluscs  in  ways  not  yet  documented.  Friedman  et  al. 
(1997)  did  not  ob.serve  an  association  between  size  of  lesion  and 


serum  protein  levels,  sex,  or  condition  index.  However,  a  signifi- 
cant relationship  was  observed  between  number  of  circulating 
hemocytes  and  degree  of  shell  mycosis  in  H.  aiistndis  and  was 
thought  to  represent  a  sign  of  stress  or  response  to  the  shell  disease. 
Thus,  further  examination  of  physiological  parameters  and  repro- 
ductive development  of  abalone  with  and  without  shell  lesions  is 
warranted. 

Some  lesion-bearing  H.  iris,  collected  from  the  wild  and  held  in 
captivity,  have  been  reported  to  have  very  loosely  attached  shells 
(Langdon  pers.  comm.).  The  existence  of  shells  in  which  the  ad- 
ductor muscle  attachment  site  was  disrupted  by  a  lesion  (Table  3) 
led  us  to  conclude  that,  in  such  extreme  cases,  the  abalone  may 
lose  its  shell,  as  has  been  indicated  by  Sainsbury  (1977).  Thus, 
populations  with  affected  aniinals  may  experience  elevated  mor- 
tality relative  to  those  that  are  free  of  the  shell  lesions  described  in 
this  study.  Other  shells  exhibiting  similar  lesions  showed  evidence 
of  having  isolated  the  lesion  beneath  nacreous  blisters  (Fig.  3). 
This  suggests  that  some  animals  have  the  potential  to  deposit  shell 
layers  over  a  lesion,  thereby  possibly  containing  it  and  preventing 
the  shell  from  being  lost. 

Lesion-bearing  H.  iris  were  widespread  along  the  South  and 
Stewart  Island  coasts,  with  prevalences  in  individual  populations 
that  ranged  from  0  (e.g..  Stephens  Island)  to  70%  (e.g.,  Purakanui 
Bay)  (Fig.  7).  Samples  from  adjacent  populations  (e.g..  Dusky/ 
Breaksea)  also  showed  remarkably  different  levels  of  incidence  of 
shell  lesions  (Fig.  7).  The  presence  of  shell  lesions  in  all  species 
examined,  from  several  of  the  off-shore  islands  where  human  habi- 
tation is  low,  suggests  that  they  occur  naturally.  Furthermore,  aba- 
lone divers  assert  that  this  condition  has  existed  for  at  least  25  y 
(Grindley  1997),  supporting  the  contention  that  lesions  are  a  well- 
established  feature  of  New  Zealand  Haliotis.  Until  more  is  known 
about  how  such  lesions  are  caused,  it  will  reinain  problematic  to 
explain  the  extent  of  these  variations. 

Regardless  of  the  ultimate  cause,  the  available  evidence  does 
not  support  the  contention  that  the  three  lesion-bearing  species  of 
Hcdidtis  in  New  Zealand  have  different  etiological  agents.  In  the 
two  instances  where  specimens  of  H.  iris.  H.  australis,  and  H. 
virginea  virginea  from  the  same  site  were  examined,  all  three 
species  were  found  to  bear  lesions  (Table  1 ).  In  addition,  morpho- 
logically indistinguishable  fungi  were  isolated  from  early  shell 
lesions  of  both  H.  iris  and  H.  australis  (Friedman  el  al.  1997).  The 
existence  of  shell  lesions  in  H.  iris  and  H.  australis  confirms  that 
they  can  occur  in  two  {Paua  and  Padollus)  of  the  three  subgenera 
within  Haliotis  (Lee  and  Vacquier  1995).  Without  a  more  detailed 
examination  of  other  marine  in\ertebrate  species,  both  in  New 
Zealand  and  elsewhere,  it  is  premature  to  comment  on  the  host 
specificity  of  the  lesions  that  we  describe. 

The  mean  shell  length  of  affected  abalone,  from  all  sites  com- 
bined, was  significantly  (p  =  0.006)  smaller  than  that  of  unaf- 
fected animals  (Table  5).  More  detailed  analysis  (Table  5)  sug- 
gested that  at  only  4  of  the  1 1  sites  examined  were  shell  lengths  of 
affected  and  unaffected  animals  significantly  different.  Although 
there  are  many  possible  reasons  for  these  differences,  it  is  of  note 
that  in  all  four  cases,  the  shell  lengths  of  affected  animals  were  less 
than  the  shell  lengths  of  unaffected  animals  (Table  5).  This  sug- 
gests that  either  growth  and/or  survival  may  be  impaired  by  this 
condition,  at  least  at  some  locations.  Although  the  age  of  affected 
animals  has  not  been  estimated  in  this  study,  the  large  size  range 
of  H.  iris  and  H.  australis  exhibiting  ad\  anced  lesions  (Figs.  8  and 
9)  suggests  that  lesions  may  be  acciuircd  early  in  life.  This  hypoth- 
esis is  supported  by  Figtirc  '■).  \n  which  the  frequency  of  shell 
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lesions  increased  with  increasitig  shell  length.  Deterniinini;  the 
effect  of  shell  lesions  on  growth,  reproduction,  and  survival  of 
affected  individuals  relative  to  those  without  lesions  and  clarifying 
the  possible  role  of  epizootics  in  the  development  of  these  lesions 
will  be  important  areas  for  future  research. 
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.ABSTRACT  The  survival  of  newly  settled  cohorts  from  an  age  of  c.  2  months  to  an  age  of  2'/2  to  4  years  of  the  abalone  species 
Hiilidlis  taeviiidia  and  Haliotis  sciilaris  was  measured  ui  an  under-boulder  habitat  at  West  Island.  South  Australia  from  198.3  to  1997 
by  sequential  sampling  of  the  habitat  to  estmiate  changes  in  density  of  cohorts  over  time.  Estimates  were  compared  with  those  resulting 
from  two  Beinssen-Powell-type  mark-recapture  experiments  each  conducted  over  1  year.  Mortality  (M)  of  juveniles  in  the  initial  phase 
(2-8  months)  was  density  dependent,  with  possible  inverse  density  dependence  at  higher  densities.  Instantaneous  coefficients  of  M 
ranged  from  0.05  to  0.4  mth"'  during  this  period.  At  age  8  months  to  3  or  4  years,  according  to  species,  M  of  cohorts  was  independent 
of  density  and  ranged  from  0.2  to  3.2  yr"'.  M  was  consistently  higher  for  H.  laevigata  than  for  H.  scalaris.  possibly  because  of 
differences  in  shell  sculpture,  but  M  rates  between  the  two  species  were  correlated.  During  the  latter  phase,  collections  of  dead  shells 
from  the  habitat  showed  that  mvenebrate  predators  (mostly  crabsl  and  unknown  causes  accounted  for  a  mean  M  rate  of  0.12  to  0.13 
yr"'  on  the  two  abalone  species  and  vertebrate  predators  (wrasses)  the  remainder.  Hence.  M  attributed  to  wrasses  was  relatively  more 
severe  on  H.  laevigata  than  on  H.  scalarii.  The  mortality  rate  of  small  abalone  may  be  controlled  by  the  density  of  their  major  predator, 
the  blue-throated  wrasse.  Nololabnis  rerricus. 

KEY  WORDS:  Haliotis  laevigata.  Haliotis  scalaris.  juvenile  mortality,  density  dependence,  postsettlement  mortality,  settlement, 
recruitment.  Beinssen-Powell  experiment,  dead  shell  assemblage,  crab  predation,  fish  predation 


INTRODUCTION 

An  understanding  of  recruitment  variability  and  its  causes  is  a 
central  problem  in  the  dynamics  of  exploited  abalone  stocks  (Mc- 
Shane  1995).  There  is  much  uncertainty  over  the  relative  impor- 
tance of  three  key  elements  affecting  recruitment;  the  size  of  the 
parent  stock;  oceanographic  factors  influences  on  larval  dispersal; 
and  postsettlement  mortality.  This  uncertainty  has  practical  import 
when  a  population  is  in  decline,  and  it  is  unclear  whether  the 
decline  is  attributable  to  natural  recruitment  failure  (Sainsbury 
1982,  McShane  1992,  1995)  or  to  recruitment  overfishing  (Shep- 
herd and  Brown  1993.  Shepherd  and  Partington  1995,  Shepherd 
and  Baker  1997).  Evidence  of  a  strong  effect  of  spawning  stock 
size  (Prince  et  al.  1988,  McGarvey  et  al.  1993.  Shepherd  and 
Brown  1993.  Shepherd  and  Partington  1995)  and,  alternatively, 
oceanographic  factors  (Shepherd  et  al.  1998)  illustrate  the  first  two 
elements,  but  the  role  of  postsettlement  mortality  on  cryptic  juve- 
nile abalone  remains  almost  wholly  unknown  (Sasaki  and  Shep- 
herd 1995,  Seki  and  Taniguchi  1996,  McShane  1996). 

This  paper  e.xamines  the  juvenile  mortality  of  Haliatis  laevi- 
gata Donovan  and  Haliotis  scalaris  Leach  in  a  boulder  habitat  at 
West  Island,  South  Australia  (35°37'  S,  138°35'  E).  The  larvae  of 
both  species  settle  on  crustose  coralline  algae  in  this  boulder  habi- 
tat between  about  November  and  May  each  year  (Shepherd  and 
Daume  1996).  Some  of  the  major  competitors  and  predators  of 
small  abalone  in  this  under-boulder  habitat  are  described  by  Kan- 
gas  and  Shepherd  1984.  Clarkson  and  Shepherd  (1984),  Mower 
and  Shepherd  (1988)  and  Shepherd  and  Gray  (1986).  Annual  re- 
cruitment strength  from  about  2  mm  shell  length  (SL)  was  mea- 
sured for  both  species,  and  the  survival  of  annual  cohorts  was 
estimated  from  1983  to  1997  from  periodic  census  data.  Survival 
was  independently  estimated  by  using  the  experimental  design  of 
Beinssen  and  Powell  (1979)  to  measure  the  movement  and  inor- 
tality  of  marked  abalone  at  the  study  site  in  two  experiments.  The 
results  of  one  of  the  experiments  was  published  by  Shepherd  and 
Godoy  (1989)  and  are  re-analyzed  in  this  paper  together  with  un 
analysis  of  the  second  experiment.  Last,  collections  of  empty  (i.e.. 


dead)  abalone  shells  taken  from  the  study  site  periodically  were 
analyzed,  and  natural  mortality  (M)  was  partitioned  between  the 
different  classes  of  agents  of  mortality. 

MATERIALS  AND  METHODS 

The  study  site  on  the  north  shore  of  West  Island  is  a  slope  of 
rounded  boulders  3()-40-cm  diameter,  and  extends  for  -80  m 
along  the  shore  at  a  depth  of  4-5  m.  The  field  of  boulders  is  ~5  m 
wide  at  this  depth  range  and  is  bounded  at  each  end  by  granitic 
blocks  and  by  sand  on  the  seaward  side  and  unsuitable  shallower 
boulder  habitat  on  the  shoreward  side.  H.  laevigata  and  H.  scalaris 
.settle  in  this  habitat  (Shepherd  and  Turner  1985)  and  remain  cryp- 
tic under  boulders  until  ~2'/;  years  of  age  in  the  case  of  H.  laevi- 
gata and  ~3'/2  years  of  age  in  the  case  ofH.  scalaris.  At  these  ages, 
the  two  species  emerge  into  a  more  exposed  crevice  habitat  (Shep- 
herd 1990.  Shepherd  and  Cannon  1988). 

Suneys 

The  abalone  populations  under  boulders  were  censused  4  to  9 
times  a  year  by  overturning  upper  boulders  and  searching  their 
lower  sides  and  then  searching  the  boulders  below.  Crustose  cor- 
alline algae  were  searched  with  an  underwater  magnifier  (x  3— t 
magnification)  (Mladenov  and  Powell  1986).  In  each  census,  a 
0.25  nr  quadrat  was  used  to  take  25  to  40  samples  according  to  the 
conditions  and  diving  time  available.  The  quadrat  was  placed  hap- 
hazardly on  the  boulders  in  a  sampling  procedure  stratified  by 
depth  and  horizontally  to  cover  the  whole  of  the  study  site.  All 
small  abalone  >1  mm  SL  found  within  the  quadrat  area  were 
measured  in  situ,  and  the  boulder  was  replaced  with  minimum 
disturbance  to  the  habitat.  Empty  shells  found  within  the  quadrat 
were  measured,  after  noting  damage  to  the  shell,  and  removed.  In 
1983  and  1984.  however,  numbers  of  abalone  were  recorded  per 
boulder  per  unit  time  and  then  converted  to  density  with  the  rela- 
tionship: searching  time  per  quadrat  =  20.4  minutes  (SE  =  1.4 
niin). 

Length-frequency  data  for  each  species  from  each  census  were 
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decomposed  into  age  classes  either  by  modal  analysis  (see  Shep- 
herd 1988.  Shepherd  et  al.  1988)  or.  where  numbers  were  not  high 
enough,  by  knife  edge  separation  based  on  known  growth  rates. 
The  numbers  in  each  cohort  per  0.25  m"  were  then  determined.  A 
plot  of  the  natural  logarithm  of  density  of  a  cohort  (weighted  for 
diver  efficiency — see  below)  versus  time,  fitted  by  a  least-squares 
linear  regression,  gives  a  straight  line  of  slope  -M,  the  instanta- 
neous coefficient  of  natural  mortality  (Gulland  1983). 

Diver  Efficiency 

Because  a  diver's  efficiency  at  finding  small  abalone  changes 
over  the  size  range  e.\amined,  it  is  necessary  to  make  a  correction 
for  this  change.  An  experiment  was  carried  out  at  the  study  site,  in 
which  130  small  abalone,  8  to  50  mm  SL  were  marked  with  plastic 
numbered  tags  (Shepherd  and  Godoy  1989)  and  placed  in  the 
central  columns  of  a  grid  30  m  x  4  m  described  below.  The  grid 
was  then  searched  thoroughly  by  divers  on  three  occasions  at 
7-day  intervals  commencing  the  day  after  tagging,  and  the  marked 
individuals  found  were  recorded.  It  was  assumed  that,  over  this 
short  time  interval,  no  marked  abalone  died  or  moved  out  of  the 
grid.  The  probability  (p)  of  sighting  a  marked  abalone  is  given  by: 

P  =  N„,/N„ 

where  N„  is  the  total  number  of  marked  abalone.  and  N,„  is  the 
number  seen  in  an  exhaustive  search  in  which  every  boulder  was 
overturned. 

A  second  assumption  that  no  migration  from  the  study  site 
occurs  was  shown  to  be  satisfied  by  Shepherd  and  Godoy  (1989). 
For  this  study,  the  mean  birthdates  of  H.  scalaiis  and  H.  Iaevii;cilci 
were  taken  to  be  1  January  (Shepherd  et  al.  1985,  Shepherd  1988). 

Beinssen-Powell  (B-P)  Experiment 

A  chain  grid  measuring  30  m  x  4  m  divided  internally  into  1-m 
columns  (Fig.  1 )  was  laid  out  at  the  same  site  as  an  earlier  experi- 
ment of  similar  design  (Shepherd  and  Godoy.  1989).  The  second 
experiment  was  modified  to  incorporate:  ( 1 )  a  much  longer  grid 
because  of  the  known  extent  of  movement  of  small  abalone;  and 
(2)  columns  in  place  of  squares,  because  only  longitudinal  move- 
ment was  of  interest.  On  four  occasions  at  2  to  3  month  intervals, 
the  six  central  columns  of  the  grid  were  searched  and  small  H. 
scalaris  8-50  mm  SL  were  taken  to  the  surface  and  marked  with 
numbered  tags  glued  to  the  spire  of  the  shell  with  superglue. 
Marked  abalone  were  held  overnight  in  containers  on  the  seabed  to 
detect  morbidity,  and  then  replaced  in  the  grid  in  one  of  the  three 
categories  of  replacement  column  (Fig.  1).  On  the  29  and  30 
March  1989,  1  year  after  the  first  marking  episode,  the  grid  was 
searched  exhaustively  three  times  for  marked  individuals,  and  in 
addition,  two  areas  each  1 0  x  4  m  beyond  each  end  of  the  grid  were 
searched  for  any  that  may  have  moved  farther. 

The  survival  of  marked  abalone  was  calculated  with  the  method 
of  Beinssen  and  Powell  ( 1979)  (and  see  also  Shepherd  and  Godoy 
1989,  where  more  details  are  given).  The  movement  of  abalone 


recorded  within  the  grid  during  the  study  is  used  to  estimate  the 
proportion  of  marked  abalone  that  do  not  move  beyond  the  bound- 
aries of  the  grid.  In  this  experiment,  there  were  18  possible  types 
of  movement,  k.  of  abalone  (up  to  17  columns  east  or  west)  within 
the  grid  from  the  three  kinds  of  release  column  that  did  not  take  an 
abalone  out  of  the  grid.  The  probability,  p,  of  recapture  of  a 
marked  abalone  in  the  grid  is  given  by  the  formula: 


p=2.-r- 

k=i      Vv. 


(1) 


where  N,^  is  the  number  of  movements  of  type  k.  p,^  is  the  prob- 
ability of  a  movement  of  type  k  and 


^j.k 


(2) 


where  Uj  is  the  number  of  marked  abalone  released  in  the  jth 
column,  and  k^^^  is  the  fraction  of  movements  not  taking  the  aba- 
lone out  of  the  grid.  In  this  experiment,  movements  of  abalone 
were  all  less  than  1 8  m  horizontally  so  S  p^  =  1 ;  that  is,  there  were 
no  types  of  movement  other  than  those  observed  in  the  grid.  The 
assumption  that  abalone  do  not  move  laterally  out  of  the  grid,  as  in 
the  earlier  experiment,  held  true. 

Where  there  are  several  releases  Beinssen  and  Powell  (19791 
showed  that; 


In  p 


In  a  -  Xt 


(3) 


where  t  is  the  period  at  liberty.  A  regression  of  In  p  versus  t  gives 
a  straight  line  of  slope  -X.  which  is  the  coefficient  of  reduction  of 
marked  abalone  attributable  to  natural  mortality  and  loss  of  marks. 
Ln  a  is  the  y-intercept,  which  is  not  of  interest  in  this  paper. 

Estimates  of  M  for  H.  scalaris  obtained  in  the  two  B-P  experi- 
ments were  compared  with  those  obtained  by  the  change-in- 
density  method  after  weighting  the  M  rates  obtained  for  the  1-I-,  2+, 
and  3+  cohorts  with  the  latter  method  according  to  the  proportions 
of  each  cohort  marked  in  the  B-P  experiments. 

To  estimate  M  for  annual  periods  for  combined  year-classes  of 
H.  laeviaata  and  H.  scalaris  in  the  under-boulder  habitat  I 
weighted  the  M  value  for  each  cohort  by  its  initial  density  for  each 
6-month  period  and  by  addition  obtained  a  mean  value  of  M  for  all 
cohorts  combined  for  that  time  period.  The  annual  value  of  M  was 
the  sum  of  the  two  6-month  values. 

Agents  of  Mortality 

The  predators  of  small  abalone  are  mainly:  wrasses,  which  eat 
the  soft  parts  and  crush  the  shell  (Shepherd  and  Turner  1985), 
crabs,  which  leave  the  shell  intact  except  for  chipped  edges 
(Mower  and  Shepherd  1988).  and  predatory  mollusks.  which  leave 
the  shell  intact. 

Data  on  the  abundance,  size,  and  type  (intact  or  chipped)  of 
empty  shells  of  both  species  were  collected  from  the  study  site 
during  the  under-boulder  censuses.  These  data  were  then  used  to 
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Kinure  1.  (Jrid  dtsijjn  of  Bein.ssen-Powell  experiment.  Columns  arc  1-m  wide.  The  three  types  of  replacement  column  are  numbered  a  to  c  where 
abalone  were  placed  after  tamiing. 
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partition  M  into  two  coinpoiicius.  M„.  the  natural  [iiortality  attrib- 
utable to  wrasse  predation.  and  M^..  the  natural  mortality  attribut- 
able t<i  predation  b\  erabs.  molkisks  and  unknown  eaiises.  Henee 


M 


M^,  -I-  M^, 


(4) 


M^,  was  calculated  for  the  years  1984  to  1996  as  follows.  Con- 
sider a  cohort  of  an  abalone  species  in  the  under-boulder  habitat. 
If  wrasse  predators  lea\  e  no  trace  of  the  shells  of  abalone  eaten  by 
them,  then  the  annual  production.  P^.  of  empty  shells  resulting 
from  M^  of  all  cohorts  of  a  species  in  the  habitat  is: 


Ps  =  EN,{l-e-^'--) 


(5) 


where  N,  is  the  density  of  the  ith  cohort  at  the  beginning  of  the 
year,  and  n  is  the  number  of  cohorts,  two  in  the  case  of  H.  laevi- 
gata and  three  in  the  case  of  H.  scalaris.  However,  empty  shells 
comprising  P.,  gradually  disintegrate  or  disappear  by  dissolution, 
comminution,  and  bioturbation.  If  X.,  is  the  rate  of  disappearance 
of  empty  shells,  then  it  can  be  shown,  following  Ricker  (1973). 
that  the  mean  density  of  empty  shells.  D.  is: 


D  =  Pm  1 


^')/X., 


(6) 


A  mean  annual  \alue  of  S  N,  was  derived  by  summing  the 
estimated  densities  of  the  l-i-  and  2-i-  cohorts  of  H.  Iaevif;ata  and 
the  1+.  2-I-.  and  3-l-  cohorts  of  H.  scalaris  at  the  beginning  of  each 
year,  obtained  from  the  regression  analyses  in  Figures  2  and  3.  A 
mean  annual  value  of  D  for  both  species  was  derived  from  the 
census  data  on  abundance  of  empty  shells  10-50  mm  SL. 

The  rate  of  disappearance  of  empty  shells  was  obtained  from 
three  replicate  experiments;  in  each  experiment  20  to  25  shells, 
evenly  distributed  over  the  size  range  15^5  mm  SL,  were  marked 
with  numbered  tags  glued  to  the  inside  of  the  shell  and  then  placed 
among  and  under  boulders  in  a  marked  out  area  of  1  nr.  Careful 
searches  for  the  shells  were  made  at  intervals  of  I  to  3  months  for 
a  year,  and  the  number  still  present  was  recorded.  A  regression  of 
the  natural  logarithm  of  the  number  of  surviving  shells  over  time 
gives  a  straight  line  whose  slope  is  -X.,.  By  substituting  the  values 
of  D  and  X.,  in  Equation  (6),  annual  estimates  of  P.,  are  derived. 
and  then  by  substituting  these  in  Equation  (5)  annual  estimates  of 
M^  are  obtained.  Finally.  M„  is  obtained  from  Equation  (4). 

RESULTS 

Diver  Efficiency 

The  sighting  probabilities  of  four  size  classes  of  small  H.  sca- 
laris in  three  censuses,  obtained  in  conditions  that  were  subjec- 
tively assessed  as  ranging  from  poor  to  good  according  to  swell 
height  and  underwater  \isibility.  are  given  in  Table  I.  The  data 
were  analyzed  by  Friedman's  two-way  analysis  of  variance 
(ANOVA)  which  showed  a  significant  effect  of  conditions  (x"  = 
42.5;  p  <  .001).  Sighting  probabilities  increase  with  increasing  size 
class  and  from  poor  conditions  to  good.  Because  it  is  difficult  to 
correct  census  data  objectively  for  different  diving  conditions,  the 
mean  sighting  probabilities  for  each  size  class  were  used  to  weight 
cohort  densities  (x  1/p)  according  to  their  size  range.  For  the  size 
range  1-8  mm  SL,  the  same  weighting  (x  1/0.36)  was  used  as  for 
the  8-19  mm  SL  size  class  for  the  purpose  of  comparing  survival 
in  the  first  6  months  and  subsequently.  This  was  because  Shepherd 
et  al.  ( 1992)  found  no  difference  in  detectability  of  small  abalone 
between  1  and  15  mm  SL  by  divers  (see  Discussion  section). 


Natural  Mortality 

Plots  of  log-transformed  density  of  annual  cohorts  versus  time 
are  shown  in  Figure  2  for  the  two  species  from  1983  to  1995  for 
H.  laevigata  and  to  1996  for  H.  scalaris.  For  many  of  the  years, 
there  was  a  distinct  change  in  slope  of  the  regression  of  In  density 
\ersus  time  when  the  cohort  was  about  6-8  months  old.  So  M  was 
examined  separately  for  the  two  successive  periods.  The  first 
(called  the  initial  phase)  commenced  from  about  2  months  after 
settlement  and  continued  for  up  to  about  6  months;  this  coincides 
with  the  period  during  which  juveniles  live  on  crustose  coralline 
algae.  The  second  period  was  from  about  6-8  months  of  age  to 
about  2'  i  to  3  years  of  age  (for  H.  laevigata)  and  about  3  to  4  years 
of  age  (for  H.  scalaris). 

Initial  Phase 

Settlement  of  H.  laevigata  was  high  in  1983.  but  then  declined, 
and.  except  for  a  slight  recovery  in  1988  and  1989.  remained  very 
low  after  the  population  collapse  (Shepherd  and  Brown  1993).  In 
every  year,  there  was  one  episode  of  settlement  a  year,  except  in 
1983.  when  there  were  two  (Shepherd  and  Daume  1996).  Settle- 
ment of  H.  scalaris  occurred  in  I  to  3  episodes,  which  sometimes 
made  estimation  of  M  difficult  in  the  first  6  months  (here  called  the 
initial  phase).  When  settlement  was  low.  or  there  were  multiple 
episodes  of  settlement,  mortality  rates  could  not  be  estimated  un- 
less one  episode  was  strong  and  the  others  were  well  separated  in 
time,  which  allowed  them  to  be  distinguished  by  size.  Mortality 
rates  with  standard  errors  for  the  initial  phase  are  given  by  Shep- 
herd and  Daume  and  here  only  the  mean  monthly  M  rates  for 
annual  settlements  from  1983  to  1997  versus  initial  density  are 
plotted  in  Figure  3.  M  rates  vary  from  about  0.05  to  0.4  mth"'  but 
do  not  differ  significantly  between  species  (see  Table  7). 

Second  Phase 

The  data  for  this  phase  did  not  warrant  fitting  more  than  one 
linear  regression  per  cohort  (except  for  1988  for  H.  laevigata. 
when  a  broken  stick  model  was  clearly  better).  After  weighting  for 
changes  in  diver  efficiency  according  to  Table  I,  the  calculated 
rates  of  M  for  individual  cohorts  are  given  in  Table  2  and  plotted 
as  log-transformed  cohort  densities  versus  time  (Fig.  2).  Mean 
cohort  M  for  H.  laevigata  was  0.90  (SE  0.15)  and  for  H.  scalaris 
was  0.51  (SE  0.09).  The  difference  was  significant  (t  =  2.13;  p  < 
.05). 

Changes  in  density  and  annual  rates  of  M  of  combined  cohorts 
within  each  species  from  1984  to  1996  are  shown  in  Figure  4. 
Annual  M  rates  are  given  in  Tables  5  and  6.  Mean  annual  M  was 
0.98  (SE  0. 15)  for  H.  laevigata  and  0.43  (SE  0.06)  for  H.  scalaris. 
The  difference  was  significant  (t  =  2.78;  p  <  .02). 

Next  I  examined  the  data  for  evidence  of  density  dependence  of 
M  by  testing  for  correlations,  first  between  the  M  rates  of  cohorts 
and  their  respective  initial  densities,  and  then  between  the  annual 
M  rates  of  the  combined  cohorts  for  each  species  and  their  respec- 
tive densities  at  the  beginning  of  the  year,  for  annual  periods  in  the 
second  phase.  Neither  the  M  rates  of  cohorts  of  each  species  nor 
the  annual  M  rates  for  combined  cohorts  of  each  species  (Table  2) 
were  correlated  with  initial  density  (for  W.  laevigata,  r  =  0.33  and 
0.04,  respectively;  NS:  for  H.  scalaris  r  =  0.24  and  0.07,  respec- 
tively; NS).  I  conclude  that  mortality  was  independent  of  density 
in  the  second  phase. 

Except  for  the  1988  to  1990  spike,  the  density  of  W.  laevigata 
has  declined  to  low  levels  since  the  1984  collapse  of  the  population 
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Figure  2.  Plots  of  the  logarithm  of  density  of  cohorts  of  H.  Iaerif;ala  and  H,  scalaris  for  years  1983  to  1997  for  the  period  from  about  2  months 
of  age  to  2'/;-4  years  of  age  according  to  species.  Kitted  regression  lines  are  shown.  Regressions  were  not  titled  to  datapoints  in  the  initial  phase 
in  those  years  where  several  episodes  of  settlement  or  very  low  settlement  occurred;  i.e.,  in  1985,  1991,  and  1992  for  H.  Uievij>ala.  and  in  1984 
to  1987,  199(1  and  1992  to  1996  for  H.  scalaris. 


(Shepherd  and  Brown  1993).  In  contrast,  the  den.sity  of  H.  scalaris 
has  fluctuated  between  7  and  14  m~"  until  1991  and  then  increased 
to  almost  20  m~-  by  1996.  Natural  mortality  of  both  abalone 
species  was  highly  correlated  (r  =  0.78;  p  <  .01 )  and  pursued  the 
same  cycle  upward  from  1984  to  a  peak  in  1989  declining  to  a  low 
in  1992  to  1993.  and  then  slowly  increasing  again  until  199.'i 
(Fig.  4). 

Beiiisseii-Powell  (B-P)  Experiments 

The  second  experiment,  conducted  on  a  grid  more  than  three 
times  the  size  of  that  of  the  first  experiment,  showed  greater  move- 


ment of  abalone  than  previously  thought.  The  movement  data,  to 
be  presented  elsewhere,  enabled  a  recalculation  of  the  values  for 
Sp^_  (the  probability  that  an  abalone  stays  within  the  grid)  used  in 
the  first  experiment  and  so  permitted  a  recalculation  of  X  (see 
Shepherd  and  Godoy  1989).  In  the  second  experiment  223  H. 
scalaris  were  released,  and  82  were  recovered  after  periods  at 
liberty  from  .'57  to  358  days.  Because  no  individuals  in  this  experi- 
ment moved  >I7  m  outside  the  grid.  Sp,^  =  I.  Release-recapture 
data  for  the  two  experiments  are  given  in  Table  3;  X  values  cal- 
culated from  Equation  (3)  represent  the  natural  mortality  rate  plus 
the  rate  of  disappearance  of  tags.  Shepherd  and  Godoy  found  no 
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tag  loss  but  suggested  that  tags  could  become  overgrown  with 
bryozoans.  In  the  second  experiment,  the  dorsal  surface  of  all 
abalone  shells  found  was  examined  for  overgrown  tags.  The  rate  of 
disappearance  of  tags  from  overgrowth  was  estimated  from  74 
marked  abalone  at  Hberty  for  1  year  and  then  recovered,  and  was 
found  to  be  0.027.  This  value  was  used  to  adjust  the  M  rates  in  the 
first  experiment,  but  not  in  the  second  experiment,  where  care  was 
taken  to  search  for  overgrowth. 

Annual  M  values  calculated  from  the  two  B-P  experiments  are 
compared  with  the  equivalent  values  of  M  derived  from  the 
change-in-density  method  for  the  same  periods  (Table  4).  Mortal- 
ity estimates  are  higher  in  the  B-P  experiments,  but  the  standard 
errors  are  large  in  the  first  experiment  and  overlap  in  the  second, 
suggesting  that  the  differences  are  not  significant. 

Agents  of  Mortality 

Size  frequency  distributions  of  damaged  (mostly  with  chipped 
edges)  and  undamaged  shells  of  the  two  abalone  species,  repre- 
senting accumulated  data  for  13  years  (Fig.  5)  did  not  differ  sig- 
nificantly between  species  (x"  =  4.9;  NS).  This  suggests  that  the 
causes  of  mortality  that  leave  intact  or  damaged  shells  (mainly 
crabs — see  Discussion  section)  act  similarly  on  each  species. 

The  mean  proportion  of  damaged  shells  was  51"^  for  H.  sca- 
laris  and  55'7c  for  H.  laevigata.  The  proportion  of  damaged  shells 


in  the  samples  increased  significantly  with  size  for//,  laevigata  (x~ 
=  25.0;  p  <  .001)  but  not  for  H.  scalaris  (x"  =  0.6;  NS). 

The  three  experiments  to  measure  the  disappearance  rate  of 
empty  shells  showed  that  breakdown  was  rapid,  with  a  mean  half 
life  of  48  days,  although  one  was  seen  916  days  after  marking.  The 
disappearance  rates.  X.  in  the  three  experiments  were  5.85  y"'  (SE 
0.37).  5.17  (SE  0.26)  and  4.85  y"'  (SE  0.94).  So  a  mean  value  of 
X  =  5.29  y"'  was  used  in  Equation  (6)  to  calculate  p.  and  then 
from  Equation  (5)  M^.  was  calculated  for  each  year  of  the  study. 
The  mean  annual  density  of  empty  shells  and  calculated  annual 
values  of  p.  M.  Mq  and  [from  Equation  ( 1 )]  M„  are  given  in  Tables 
5  and  6. 

Mean  M  attributable  to  crabs  was  0.12  (SE  0.02)  for  //.  laevi- 
gata (after  excluding  zero  values  for  1992  to  1996.  when  densities 
were  too  low  to  give  detectable  values)  and  0.13  (SE  0.01 )  for  H. 
scalaris:  the  difference  was  not  significant  (t  =  0.8;  NS).  In  con- 
trast, mean  M  attributable  to  wrasses  was  0.92  (SE  0.15)  for  H. 
laevigata  and  0.30  (SE  0.05)  for  H.  scalaris:  this  difference  was 
significant.  Thus,  wrasse  predation  was  relatively  greater  and  crab 
predation  relatively  lower  on  H.  laevigata  than  on  H.  scalaris. 

DISCUSSION 

Postsettlemenl  and  juvenile  mortality  of  abalone.  as  for  marine 
invertebrates  aenerallv  (reviewed  bv  Hunt  and  Scheibling  1997).  is 
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poorly  known.  Most  data  for  the  initial  phase  come  from  studies  of 
larval  seeding  and  for  the  second  phase,  from  transplants  of  hatch- 
ery-reared juveniles  (reviewed  by  Tegner  and  Butler  1989.  Shep- 
herd and  Breen  1992.  McConnick  et  al.  1994).  This  study  has 
shown  that  M  is  much  higher  in  the  initial  phase  than  in  the  second 
phase  and  that  there  are  large  interannual  differences  in  M  in  both 
phases. 

Initial  Phase 

Our  estimates  of  M  (Fig.  2)  are  almost  certainly  low  for  two 
reasons.  First,  diver  efficiency  at  detecting  small  ahalone  over  the 
size  range  2-K  mm  SL  must  increase,  despite  the  inability  of 
Shepherd  et  al.  (1992)  to  detect  any  change  in  efficiency  (.see 
Castell  et  al.  1996).  Second,  it  is  possible  that  a  trickle  of  settlers 


in  the  few  weeks  following  a  major  settlement  could  occur.  These 
would  have  be  too  small  to  be  registered  in  the  initial  census  but 
would  be  included  in  later  censuses  and  so  tend  to  bias  M  down- 
ward. Settlement  episodes  separated  by  a  month  or  more  could,  if 
strong  enough,  be  recognized  by  their  size  difference. 

The  rates  of  M  given  here  (Fig.  2)  are  lower  than  most  previ- 
ously reported  values  (see  Table  7)  but  are  strictly  comparable 
only  with  the  study  of  Preece  et  al.  ( 1997)  because  only  that  study 
covers  the  same  period  from  .settlement.  The  value  given  by  Preece 
et  al.  (1997)  from  7  wk  to  5  mo  (0.7  mo"')  and  from  7  weeks  to 
1  I  months  (0.24  mo"')  are  not  much  more  than  the  14-year  mean 
M  (0.22  mo~')  for  H.  laevigata  and  H.  scalaris.  However,  initial 
densities  in  the  study  of  Preece  et  al.  were  over  three  times  the 
average  initial  densities  in  this  study  (see  Table  7).  so.  although  M 


Long-Term  Moriai.hy  Dynamics  of  Juvenile  Abalone 


819 


H.  scalaris 

0.6- 


•0.6 

Dec  90  Sep  91   Jun  92   Mar  93   Dec  93 

0  6 


1993  cohort 


A      A 


-0.6 ' ' ' < 

Dec  92      Oct  93      Aug  94      Jun  95      Apr  96 

1.0 


Jan  92      Jul  92      Jan  93      Jul  93      Jan  94      Jul  94 

0.6- 

1994  cohort 


-0.2 


Nov  93       Jul  94       Mar  95      Nov  95       Jul  96 

1.0- 


Dec94        Aug  95        Apr  96        Dec  96       Aug  97     Dec  95 

Figure  2.  Continued. 


Aug  96 


Apr  97 


values  in  this  study  are  undoubtedly  low.  those  of  Preece  et  al.  may 
be  exaggerated  by  density-dependent  effects. 

Over  the  range  of  densities  recorded  in  the  14-year  period.  M 
seems  to  be  density  dependent  at  low  to  moderate  densities  and 
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inversely  so  at  higher  densities  (Fig.  3).  Density  dependence  in  the 
initial  phase  has  also  been  found  by  McShane  ( 1991 )  and  Preece  et 
al.  (1997).  In  the  absence  of  any  strong  evidence  of  density  de- 
pendence in  other  stages  of  the  life  history,  this  phase  may  be  the 
only  period  in  which  density-dependent  M  operates  or  is  important 
(see  McGarvey  1996).  The  possible  causes  of  density-dependent 
M  in  this  study  are  discussed  by  Shepherd  and  Daume  (1996). 

Another  noteworthy  feature  is  that  the  timing  of  settlement  of 
H.  scalaris  has  apparently  advanced  from  February  to  May  in  the 

TABLE  1. 

Sighting  probabilities,  p.  for  four  size  classes  of  H.  scalaris  in  three 

censuses  taken  in  different  conditions  of  underwater  visibility  and 

swell;  N„  is  the  number  of  individuals  marked  in  each  size  class, 

and  the  number  in  parentheses  is  the  number  of  dead  marked  shells 

found  during  the  searches. 
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Density  (nos  0.25m') 

Figure  3.  Plots  of  monthly  mortality  rates  of  H.  laevigata  and  H.  sca- 
laris vs.  initial  densll>  for  cohorts  of//,  laevigata  for  the  years  1983  to 
1996  for  the  period  from  about  2  months  of  age  to  6  to  8  months  of  age. 
Vertical  bars  are  standard  errors.  The  dashed  line  was  fitted  by  eye. 
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TABLE  2. 

Natural  mortality  rates  (M)  for  cohorts  of//,  laevigata  and  H.  scalaris  in  the  second  phase  estimated  from  changes  in  density  over  time  from 

the  data  shown  in  Figure  2.  Estimates  are  mean  values  for  individual  cohorts  (identifled  hv  year  of  birth)  from  an  age  of  6  (-11)  months  to 

2.5-3  years;  n  is  the  number  of  censuses,  and  the  period  given  is  the  time  span  to  which  the  mortality  estimate  relates;  a  broken  stick 

regression  model  was  fitted  to  the  1988  cohort  of  H.  laevigata;  data  for  1995  and  1996  are  provisional. 


H.  laevigata 

H.  scalaris 

Cohort 

n 

Period 

M  y-'  (SE) 

n 

Period 

M  y"'  (SE) 

1983 
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0.35(0.09) 

11 
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0.13(0.08) 
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0.17(0.46) 

13 
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Figure  4.  (upper)  Plot  of  density  (nos  m"")  of  combined  cohorts  of  I  to 
3-year-old  H.  laevigata  and  //.  scalaris  \s.  time  from  19X4  to  1996; 
(lower)  plot  of  M  y  '  of  combined  cohorts  of  I  to  3  year  olds  of  H. 
laevigata  and  H.  scalaris  vs.  time  for  I9S4  to  1996. 


1980s  to  October  to  December  in  the  1990s  (see  dates  of  settle- 
ment given  in  Shepher(i  and  Daume  1996)  as  H.  laevigata  has 
declined.  There  is  the  intriguing  possibility  that  resource  compe- 
tition between  posllarvae  of  the  two  species  in  the  crustose  coral- 
line habitat  kept  timing  of  settlenient  apart  when  both  species  were 
abundant,  but  the  decHne  of  one  has  permitted  the  other  to  e.xpand 
or  advance  its  period  of  settlement.  A  possible  mechanism  for  this 
would  be  the  enhanced  survival  of  early  settlers  that  mature  into 
early  spawners. 

Second  Phase 

Estimation  of  M  by  diver  census  seems  more  robust  during  the 
second  phase  than  during  the  initial  one.  because  the  changing 
efficiency  of  the  diver  is  more  easily  measurable,  and  M  can  be 
validated  by  independent  experiments.  The  two  tnethods  used  gave 

TABLE  3. 

Release-recapture  data  for  two  Beinssen-Powell  experiments  at  the 

study  site,  (a)  gives  the  data  for  the  first  experiment  published  by 

Shepherd  and  (iodoy  (1989)  with  recalculated  p^  and  p  values;  (b) 

gives  data  for  (he  second  experiment  in  the  larger  grid;  n  is  the 

number  of  H.  scalaris  marked  and  released;  R  is  the  number 

recaptured;  "Days"  is  the  number  of  days  at  liberty;  Xp^  is  the 

probability  that  a  marked  abalone  will  not  move  out  of  the  grid; 

and  p  is  the  probability  of  recapture. 


Release 

Date 

n 

R 

Days 

ipK 

p(SE) 

(a) 

1 

5.xi.86 

15 

-) 

375 

0.61 

0.29(0.11) 

■> 

5.ii.87 

28 

7 

283 

0.79 

0..39(().04) 

3 

2.vi.87 

25 

8 

166 

0.8! 

0  43  (0.03) 

4 

4.viii.87 

42 

14 

103 

0.85 

0.60(0.03) 

(h) 

1 

6.iv.88 

53 

16 

358 

1 

0.31  (0.04) 

-) 

30.vi.88 

59 

2(.) 

274 

1 

0..34(0.03) 

3 

2l.ix.88 

54 

19 

190 

1 

0.35(0.03) 

4 

15.1.89 

57 

27 

74 

1 

0.49(0.02) 
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TABLE  4. 

A  comparison  of  annual  mortality  rates  estimated  from  the  two 
Beinssen-Powell  (B-P)  experiments  and  the  change-in-density  data. 


Period 


B-P  Experiment  (SE) 


Density  Data  (SEl 


5.xi.86-15.xi.87 
6.iv.88-30.iii.89 


0.86(0.18) 
0.56(0.14) 


0.44(0.11) 
0.43  (0.06) 


reasonably  consistent  results  and  increased  confidence  in  their 
general  accuracy.  It  is  possible  that  the  B-P  method  tends  to  over- 
estimate M.  because  it  is  sensitive  to  differences  in  the  probability 
of  movement  outside  the  grid.  Shepherd  and  Godoy  (1989)  over- 
estimated M,  because  they  underestimated  2p^.  Because  a  much 
larger  grid  was  used  in  the  second  B-P  experiment,  and  extensive 
searching  was  done  outside  it,  serious  overestimation  of  M  seems 
unlikely  in  that  experiment.  The  change-in-density  method  of  es- 
timating M  is  less  demanding  in  terms  of  diving  time,  but  the 
variability  of  diver  efficiency  according  to  underwater  conditions 
introduces  another  source  of  variation.  However,  a  regression 
analysis  of  census  data  collected  over  2  to  3  years  during  the  whole 
under-boulder  life  of  a  cohon  should  smooth  this  variability  and 
give  an  unbiased  estimate  of  M  for  each  cohort. 

The  method  is  also  subject  to  other  assumptions  (e.g..  the  ran- 
dom movement  of  abalone  in  the  habitat  and  absence  of  migration) 
that  must  be  validated  experimentally.  The  B-P  method  does  this. 
Subject  to  these  assumptions,  the  change-in-density  method  is  an 
efficient  way  to  estimate  M.  At  this  study  site,  the  method  may 
tend  to  underestimate  M  for  H.  scalaris  because  of  the  possible 
settlement  of  larvae  of  this  species  at  shallower  depths  (around  3 
m)  and  their  subsequent  migration  into  the  study  site  at  about  3.5-5 
m  depth.  Shallower  depths  are  occupied  by  H.  rubra,  and  H.  sca- 
laris is  rare  here  (Shepherd  1973,  Shepherd  and  Cannon  1988),  so 
this  bias  is  likely  to  be  small. 


TABLE  5. 

H.  laevigata:  mean  annual  density  of  empty  shells  (D),  annual  empty 

shell  production  (p.,),  summed  cohort  densities  (1  N,  for  i  =  L2), 

and  the  mean  annual  mortality  rate  of  combined  cohorts  (M), 

partitioned  between  mortality  attributable  to  crabs  (M^)  and 

mortality  attributable  to  wrasses  (M„);  values  of  D,  P^,  and  SN,  are 

in  numbers  m~^. 


Year 

D(SE) 

P, 

2N, 

M(SE) 

M, 

M„ 

1984 

0.08  (0.02) 

0.43 

9.8 

0.33(0.11) 

0.04 

0.28 

1985 

0.13(0.03) 

0.69 

4.3 

0.66(0.18) 

0.17 

0.49 

1986 

0.06  (0.02) 

0.32 

1.9 

0.96(0.25) 

0.18 

0.78 

1987 

0.03(0.02) 

0.16 

1.2 

1.10(0.14) 

0.14 

0.96 

1988 

0.07  (0.03) 

0.37 

3.8 

2.10(0.21) 

0.10 

2.00 

1989 

0.11  (0.04) 

0.57 

6.1 

2.12(0.20) 

0.10 

2.02 

1990 

0.07  (0.02) 

0.38 

3.3 

1.22(0.11) 

0.12 

1.10 

1991 

0.05  (0.02) 

0.27 

3.5 

0.92  (0.08) 

0.08 

0.84 

1992 

0 

0 

1.7 

0.61  (0.08) 

0 

0.61 

1993 

0 

0 

2.1 

0.65(0.10) 

0 

0.65 

1994 

0 

0 

1.7 

0.91  (0.10) 

0 

0.91 

1995 

0 

0 

0.6 

0.82  (0.09) 

0 

0.82 

1996 

0 

0 

0.2 

0.40(0.06) 

0 

0.40 

Studies  of  the  mortality  of  juvenile  abalone  during  this  phase  in 
the  wild  are  rare  (reviewed  by  Shepherd  and  Breen  1992).  Pub- 
lished annual  values  of  M  are:  0.7-0.9  for  H.  rubra  (Prince  et  al. 

1988.  Day  and  Leorke  1986).  and  1.7  for  H.  tuberculata  (Clavier 
and  Richard  1985).  both  in  the  same  range  as  those  in  Tables  5  and 
6.  There  are  many  studies  of  the  mortality  of  hatchery  seed  trans- 
plants in  the  wild  (see  Table  8  and  see  also  Tegner  and  Butler 

1989,  McCormick  et  al.  1994).  However,  these  studies  must  be 
interpreted  cautiously,  because  cultured  seed  and  wild  abalone 
behave  differently  in  the  presence  of  predators,  with  initial  mor- 
tality rates  about  25'7f  higher  in  seed  abalone  (Schiel  and  Weldon 
1987).  Table  8  lists  only  those  studies  that  extended  for  over  1  year 
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5 

Dchlppsd 
■  unbroken 

1 

Sh«ll  Length  (mm) 

Figure  5.  Length  frequency  distributions  of  H.  laevigata  (left 
taken  from  under  boulders  at  West  Island. 


Shell  Length  (mm) 


and  H.  sealaris  (right)  showing  proportions  of  damaged  and  undamaged  shells 
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TABLE  6. 

H.  scalaris.  Mean  annual  density  of  empty  shells  (D),  annual  shell 
production  (P^),  summed  cohort  densities  li  N,  for  i  =  1,  2,  3),  and 

mean  annual  natural  mortality  rates  (M),  partitioned  between 

mortahty  attributable  to  crabs  (M^J  and  mortahty  attributable  to 

wrasses  (M„);  values  of  D,  P^,  and  SN,  are  in  numbers  m"". 


Year 

D(SE) 

P, 

SN, 

M  (SE) 

Mc 

M„ 

1984 

0.18  (0.(18) 

0.96 

14.3 

0.15(0.07) 

0.07 

0.08 

1985 

0.24(0.05) 

1.28 

13.5 

0.21  (0.07) 

0.10 

0.11 

1986 

0.22(0.06) 

1.16 

13.9 

0.22  (0.07) 

0.09 

0.13 

1987 

0.30(0.03) 

1.60 

7.9 

0.42  (0.06) 

0.23 

0.19 

1988 

0.45  (0.09) 

2.39 

12.0 

0.73  (0.07) 

0.22 

0.5 1 

1989 

0.34(0.19) 

1.81 

13.2 

0.86(0.08) 

0.15 

0.71 

1990 

0.21  (0.07) 

1.12 

6.7 

0.67  (0.06) 

0.18 

0.49 

1991 

0.17(0.08) 

0.90 

8.2 

0.33  (0.06) 

0.12 

0.21 

1992 

0.26(0.10) 

1.38 

13.4 

0.31  (0.04) 

0.11 

0.20 

1993 

0.30(0.(J7) 

1 .60 

18.6 

0.30(0.05) 

0.09 

0.21 

1994 

0.33(0.03) 

1.76 

14.1 

0.35  (0.04) 

0.13 

0.22 

1995 

0.26(0.06) 

1.38 

16.3 

0.42  (0.06) 

0.12 

0.30 

1996 

0.44(0.15) 

2.34 

19.2 

0.66(0.08) 

0.13 

0.53 

and  notes  those  in  which  the  seed  received  protection  from  preda- 
tors (i.e.,  in  cribs  or  with  some  kind  of  netting)  to  show  the  effect 
of  reduced  predation.  McCormick  et  al.  showed  that  protecting 
seed  against  predators,  if  only  for  the  first  few  days,  substantially 
reduced  M.  These  studies  (Table  8)  give  a  wide  range  of  values  as 
expected  in  different  latitudes,  habitats,  and  conditions,  but  two 
generalizations  can  be  made  from  them  (see  McCormick  et  al.). 
Smaller  abalone  ( l<  y  old)  suffer  higher  M  than  larger  seed  (>l  y 
old),  and  seed  protected  from  predators  have  lower  M  rates  than 
unprotected  ones.  Thus,  critical  determinants  of  M  seem  to  be 
predator  abundance  and  abalone  size.  Of  these,  the  former  may  be 
the  more  important,  because  the  only  study  that  compared  mortal- 
ity over  a  range  of  sizes  at  replicate  sites  found  no  significant 
difference  in  M  values  between  size  classes  except  for  the  smallest 
one  (Zhao  et  al.  1991 ).  This  is  consistent  with  the  results  of  this 


paper,  which  found  no  evidence  of  a  change  in  IVl  during  the 
second  phase. 

Predator  Abundance 

Predation  by  crabs  on  abalone  at  West  Island  leaves  empty 
shells  sometimes  chipped  at  the  edges  (Mower  and  Shepherd 
1988).  Predation  by  the  whelks  Pleuroploca  australasia  and  Comi- 
nella  lineolata  and  the  seastar  Coscinaslerias  mitricata  leaves  un- 
damaged shells  (unpublished  data).  However,  the  densities  of  these 
whelks  and  this  seastar  are  low  (<0. 1  m^"  for  P.  atistnikisia  and  C. 
lineolata  combined,  and  <0.00 1  m""  for  C.  muricata)  at  the  study 
site.  Hence,  undamaged  empty  shells  are  most  likely  to  result  from 
predation  by  omnivorous  crabs  with  small  chelipeds,  such  as 
Faiiuristes  siilcatits.  P.  hreviriistnis.  and  Loinis  liirta  (Mower  and 
Shepherd)  and  rarely  by  whelks  or  seastars,  from  which  abalone 
have  an  escape  response  anyway  (Day  et  al.  1995).  Damaged 
shells,  on  the  other  hand,  are  most  likely  the  remains  of  predation 
by  crabs  with  larger  chelipeds  (Megainetope  carinaliis.  Necto- 
curciniis  tuherculosus.  and  Paguristes  frontalis).  The  density  of 
crabs  with  small  chelipeds  is  -10  m~~,  and  of  the  latter  group  -2-3 
m"",  so  the  proportions  of  damaged  and  undamaged  shells  in  the 
collections  may  rather  reflect  the  relative  intensity  of  predation  by 
the  two  groups  of  crabs.  The  under-representation  of  the  l-i-  age 
class  in  the  empty  shell  samples  (Fig.  5)  implies  some  size- 
selective  predation  by  crabs,  or  more  likely,  that  very  small  shells 
are  less  easily  visible  to  divers.  The  greater  proportion  of  damaged 
shells  with  size  of  H.  laevigata  as  compared  with  H.  scalaris  may 
be  caused  by:  (I)  the  different  sizes  at  which  the  two  species 
emerge  from  the  under-boulder  habitat  into  more  open  crevices; 
and  (2)  size-selective  predation  by  the  large  crab  N.  tuherculosus 
and  the  large  hermit  crab  P.  frontalis  on  emergent  individuals.  The 
size  of  emergence  is  40—15  mm  SL  in  the  case  of  H.  laevigata  and 
>50  mm  SL  in  the  case  of  H.  scalaris. 

The  dominant  predators  of  small  abalone  >5-IO  mm  SL  (i.e., 
>~6  months  old)  are  the  wrasses  Notolabrus  tetricus  and  Pictila- 
hrus  laticlavius  (Shepherd  and  Turner  1985).  Both  species  are 
voracious  predators  than   forage  under  boulders  within  home 


TABLE  7. 

Monthly  natural  mortality  rates  during  the  initial  phase  for  various  species  of  abalone;  densities  given  are  initial  densities  of  postlarvae 

after  settlement. 


Species  and 
Reference 


Period 


M  mo  ' 


Comments 


H.  rubra 

McShane  (1991) 
H.  discus  hannai 
Sasaki  and 

Shepherd  (1995) 
H.  iris 

Schiel  (1993) 
McShane  and 
Naylor(1995) 
H.  laevigata 
Preece  el  al. 
(1997) 
H.  laevigata 
H.  scalaris 
Shepherd  and 
Daume  (1996) 


ScttlenienI — 5  ino 
Settlement — 2(-3)  mo 

Settlement — 5  mo 
Settlement — 4  mo 

6  day-7  wk 

7  wk-5  mo 
7  wk- 1  1  mo 
2-6  mo 
2-6  mo 


0.6-0.8 

1.4-2.7 
mean 

2.1 

1.0 

0.6 

2.6 

0.7 

0,24 

0.24 

0.21 


Exposed  vertical  surfaces.  Density: 

10-1000  nr- 
Boulder  habitat.  Initial  density:  200  m" 


Larval  .seeding  m  houider  habil.il. 

Density:  200  m*- 
Larval  seeding  in  boulder  habilal. 

Density  at  2  days:  120  m  " 
Larval  seeding  in  boulders.  Density  at 

6  days:  50  m"" 

Diver  census  with  undeiualer 

magnifier.  Mean  values  over  15  yr. 
.Average  initial  densities  1.3-18  m~" 
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TABLE  8. 

A  summarv  of  studies  of  thf  mortality  of  seed  transphints  of  juvenile  ahalone  (6  mo  old-2  or  3  y);  length  is  mean  shell  length  at  time  of 

seeding;  mean  age  is  estimated  where  not  gi\en  in  the  paper. 


Species  and  Reference 


Length  (mm)  (age.  yl 


M  v' 


Comments 


H.  giganieu 


Inoue  (1976) 
Haliolis  discus  lumiuii 
Saito(1979) 
Momma  et  al.  (1980) 


Miyamoto  et  al.  (1982) 
Saito  (1984) 
Asanoetal.  (1989) 
Zhaoet  al.  (1991) 


Haliotis  d.  discus 

Sakamoto  et  al.  ( 1982) 
Kojima  (1995) 

Tanakaet  al.  (1991) 

H.  rufescens 

Tegner  and  Butler 
(1985) 


H.  iris 

Schiel  (1993) 


10  mm  (6  mo  I 


30  mm  ( 1  y) 
10-20  mm 

(1  y) 
15  mm  (I  y) 
21  mm  (1.5  y) 

15-22  (1  y) 
>22  (1  +y) 
20  mm  (1  +  y) 

31  mm  (2  +  y) 
<30  mm  (2  y) 

8  mm  (6  mo) 
13  mm  (9  mo) 
18  mm  (1  y) 
23  mm  (1+  y) 
29  mm  (2  y) 
45-71  mm 
(2-3  y) 
20-35  mm 

(1  y) 
10-24  mm  (1  y) 
22-30  mm  (2  y) 
45-71  mm 
(2-3  y) 


5-20  mm 
(0.5  y) 


2,3 


0.36 
0.6-0.7 


1.1 


0.25 

11.9 
2.3 
0.6-4.6 


1.2 


On  artificial  reefs.  M  was  lower  in 
concrete  cribs  and  higher  on  natural 
reefs 

On  natural  and  artificial  reefs. 

In  concrete  cribs  filled  with  boulders 
and  protected  from  fish  predators 


1.7 

In  natural  habitat,  for  1.3  v 

0.9-1.1 

0.8-1.0 

On  natural  reefs,  averaged  over  3  y 

0.8-0.9 

0.22 

Released  into  artificial  reefs  in 

Eisenia  bic\clis  forest 

2.14 

Each  value  is  the  mean  for  four  sites. 

1.22 

Released  on  natural  reefs,  for 

1.24 

12-18  mo 

1.10 

1.25 

1.0 

On  concrete  artificial  reefs. 

averaged  over  2  y 
Data  from  1980  to  1985  on  natural  reefs. 
Based  on  recoveries  over  4  y 
Experiment  on  natural  reef  to 

measure  sighting  rates,  etc. 

In  natural  habitat  (some  predators 
removed).  Lower  estimate  from 
dead  shell  collections;  upper 
estimate  from  live  recoveries 

In  natural  boulder  habitat.  Mean  for  six 
sites  (omitting  two  sandy  sites). 


ranges.  Abalone  are  a  prefeiTe(J  prey  of  N.  leiricus  whose  food, 
feeding  preferences,  and  behavior  are  described  by  Shepherd  and 
Turner  and  Shepherd  and  Clarkson  (in  prep.).  These  fishes  picl< 
small  abalone  off  the  rock.  or.  in  the  case  of  larger  ones,  ram  the 
shell  and  in  the  same  action  pull  them  off  the  rock.  In  either  case. 
the  fish  ingests  the  shell  or  breaks  it  into  small  pieces.  Densities  of 
N.  tetricHS  are  0.05-0.2  m""  at  the  study  site,  and  those  of  P. 
latidavius  are  -0.005  m""  so  the  latter  is  of  little  significance  as 
compared  with  N.  leiricus.  which  may  be  a  key  predator  in  this 
habitat. 

What  was  the  cause  of  the  interannual  variability  of  M  at  West 
Island?  Abalone  density  that  might  affect  predator  behavior  (see 
Shepherd  and  Daume  1996)  was  not  a  factor,  because  M  was 
independent  of  density.  But  the  synchronous  change  in  M  for  both 
species  over  the  14-year  period  (Fig.  4)  implies  that  some  external 
factor,  such  as  predator  abundance,  controls  the  mortality  of  both 
abalone  species.  The  variability  of  M  attributed  to  wrasses  was 
much  sreater  than  that  to  crabs,  which  inflicted  a  more  or  less 


constant  M.  Furthermore,  the  consistently  higher  M  of  W.  laevigata 
as  compared  with  H.  scalaris  may  reflect  the  greater  vulnerability 
of  H.  laevigata  to  wrasse  predators.  The  shell  of  H.  laevigata  is 
rather  flat,  smooth,  and  elongate  and  more  easily  crushed  than  that 
of  H.  scalaris.  which  is  rounded  and  sculptured  strongly  with 
corrugations  and  "keels.""  an  architectural  adaptation  to  shell- 
crushing  fish  predators  (Vermeij  1978).  The  mortality  rate  attrib- 
utable to  wrasses  was  correlated  over  the  14-\ear  study  with  the 
density  of  these  wrasses,  and  this  will  be  described  in  a  later  paper. 
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ALTERNATIVE  APPROACH  FOR  ESTABLISHING  LEGAL  MINIMUM  LENGTHS  FOR 
ABALONE  BASED  ON  STOCHASTIC  GROWTH  MODELS  FOR  LENGTH  INCREMENT  DATA 


V.  S.  TROYNIKOV  AND  H.  K.  GORFINE 

Marine  and  Freshwaler  Resources  Instiiiite 
Queenscliff.  Victoria.  3225  Australia 

ABSTRACT  Stochastic  parametrization  of  length-increment  data  was  used  to  estimate  the  distribution  of  maximum  length  of  abalone 
populations.  The  distribution  of  maximum  length  provides  important  information  for  establishing  a  legal  minimum  length  (LML). 
Legal  minimum  length  is  commonly  used  to  optimize  yield  and/or  reproductive  potential  in  abalone  populations.  Although  choice  of 
LML  is  generally  based  on  deterministic  estimates  of  average  values  of  growth  parameters,  there  is  strong  evidence  in  abalone  growth 
data  that  distributions  of  maximum  length  in  abalone  populations  have  large  variances  and  proportions  of  abalone  that  cannot  attain 
the  LML.  However,  deterministic  estimates  give  no  indication  of  the  proportion  of  individuals  that  may  or  may  not  attain  a  specific 
LML.  Consequently,  deterministic  estimates  of  growth  can  be  misleading  and  may  result  in  setting  inappropriate  LMLs.  Length- 
increment  data  from  tagged  individuals  in  three  H.  rubra  populations  in  Victoria,  Australia  were  analyzed  using  new  stochastic  versions 
of  the  Gompertz  model  reparameterized  for  tagging  data.  Outputs  from  the  stochastic  Gompertz  model  for  tagging  data  include 
distributions  of  L^  that  show  the  proportion  of  abalone  in  each  studied  population  that  were  unlikely  to  attain  the  LML  and  enter  the 
stock.  It  is  presently  unknown  whether  this  level  of  protection  will  ensure  long-term  sustainability.  The  proportion  conserved  may  also 
be  viewed  as  lost  yield  to  the  fishery.  If  the  proportion  of  abalone  required  to  provide  sufficient  egg  production  for  sustaining  a 
particular  population  is  known,  then  the  stochastic  Gompertz  model  for  tagging  data  provides  additional  information  to  select  an 
appropriate  LML  that  balances  reproductive  output  against  yield  to  the  fishery. 

KEY  WORDS:     Length-increment  data,  legal  minimum  length,  stochastic  Gompertz  model. 


INTRODUCTION 


The  objective  of  employing  legal  minimum  lengths  in  manage- 
ment regimes  applied  to  abalone  fisheries  Is  to  conserve  sufficient 
egg  production  for  sustainable  exploitation  and/or  optimization  of 
yield.  Legal  minimum  lengths  (LML)  must  be  set  at  sizes  that 
allow  enough  abalone  to  reach  reproductive  maturity  and  spawn 
prior  to  recruitment  to  the  stock.  Eggs-per-recruit  analyses  (EPR) 
have  typically  been  used  to  arrive  at  these  determinations  of  LML. 
The  value  of  the  LML  for  each  particular  abalone  population  is 
strongly  dependent  on  the  size  distribution  of  the  population.  How- 
ever EPR  analysis  based  on  deterministic  estimates  does  not  allow 
for  heterogeneity  of  growth  within  a  population.  Abalone  are  char- 
acteristically variable  with  respect  to  inany  biological  parameters 
including  those  that  describe  growth  (Day  and  Fleming  1992). 

Although  the  von  Bertalanffy  model  adequately  describes  the 
growth  of  the  more  mature  part  of  the  population  whose  growth  Is 
slowing,  extrapolation  through  the  juvenile  phases  is  less  reliable. 
This  is  because  the  von  Bertalanffy  tnodel  assumption  that  length 
Increment  decreases  with  Increasing  length  at  release  inadequately 
represents  juvenile  growth  data.  There  is  evidence  that  the  Gomp- 
ertz model  Is  more  suitable,  because  this  model  can  accommodate 
both  the  exponential  increase  In  growth  expected  during  the  early 
phases  of  life  history  (e.g.,  Nash  1992).  and  the  asymptotic  phase 
that  occurs  as  growth  slows  with  onset  of  maturity,  and  energy  Is 
channelled  into  reproduction.  For  example,  the  data  of  Poore 
(1972),  Shepherd  et  al.  (19851.  and  Prince  et  al.  (1988)  show  that 
the  mean  growth  rate  of  juvenile  abalone  tends  to  increase  when 
they  are  very  small  and  Is  almost  linear  for  larger  juveniles,  before 
the  growth  rate  decreases  as  they  mature. 

The  Gompertz  growth  function  has  been  used  in  population 
studies  and  to  represent  the  average  course  of  animal  growth  since 
l940(Medawer  1940).  Yamaguchi  (1975)  has  pointed  out  that  this 
curve  provides  a  better  fit  than  the  von  Bertalanffy  curve  for  many 


species  when  the  growth  of  small  juveniles  as  well  as  subadults  is 
considered.  The  original  Gompertz  growth  model  has  been  applied 
to  size-at-age  growth  data.  However,  for  anlinals  that  cannot  be 
aged  with  reasonable  resolution  (such  as  abalone),  growth  data  are 
almo.st  always  produced  from  tagging  studies.  Thus.  It  Is  Important 
to  use  a  version  of  the  Gompertz  model  that  utilizes  length- 
increment  data  and  accommodates  the  heterogeneity  in  these 
growth  data.  If  residuals  from  an  average  growth  function  are 
larger  than  the  measurement  error,  then  models  with  distributed 
parameters  can  be  applied  to  describe  effectively  the  data.  One 
such  unified  method  of  stochastic  paramterlzatlon  of  data  by  mod- 
els with  one  or  more  random  parameters,  and  the  distinctive  prop- 
erties of  the  models  in  the  form  of  probability  density  is  described 
in  Troynlkov  (1998).  For  analysis  of  abalone  growth,  we  use  sto- 
chastic versions  of  the  Gompertz  growth  model  for  length- 
increment  data  with  distributed  parameter  L.,  that  represents 
asymptotic  size.  We  selected  the  Gompertz  model  because  of  its 
potential  for  expansion  to  data  that  Incorporate  juvenile  growth. 

In  this  study,  we  examined  existing  length  increment  data  from 
tagging  studies  previously  published  by  McShane  and  Smith 
(1988).  Some  of  these  data  have  been  applied  in  eggs-per-recruit 
analyses  (McShane  1992).  The  new  stochastic  model  for  tagging 
data  was  applied  to  length  increments  for  three  Victorian  blackllp 
(W.  nihru)  abalone  populations.  A  stochastic  approach  allows  us  to 
estimate  the  portion  of  a  population  that  is  unlikely  to  attain  the 
LML;  in  other  words,  the  percentage  of  the  population  whose 
reproductive  output  Is  unaffected  by  fishing. 

Estimated  percentiles  of  the  maxiniuin  length  for  each  popula- 
tion were  output  from  the  model  and  compared  with  the  respective 
LMLs.  This  comparison  showed  the  proportion  of  abalone  con- 
served by  current  LMLs.  Fecundity  and  mortality  rates  will  influ- 
ence whether  the  conserved  abalone  provide  sufficient  egg  pro- 
duction for  sustainable  exploitation.  Additionally,  environmental 
factors  will  cause  interannual  variation  in  recruitment  to  abalone 
populations  for  any  given  proportion  that  Is  conserved  by  an  LML. 


827 


828 


Troynikov  and  Gorfine 


With  further  information  about  the  egg  production  required  for 
sustainability.  it  may  be  possible  to  increase  yield  to  the  fishery  by 
reduction  of  LMLs  in  some  instances. 


MATERIALS  AND  METHOD 


Data  Collection 


Growth  increment  data  from  tagging  studies  of  blacklip  aba- 
lone  were  collected  at  Boulder  Point.  Seal  Rocks,  and  Tullaberga 
Island  in  Victoria.  The  study  locations  (Fig.  1)  were  separated  by 
several  hundred  kilometers  and  were  all  harvested  regularly  by 
commercial  abalone  divers.  Only  data  from  abalone  where  the  tags 
were  glued  to  shells  were  included  in  the  analysis;  the  tags  at- 
tached by  wire  through  tremata  were  rejected,  because  they  have 
been  shown  to  retard  growth  (McShane  and  Smith  1988).  Growth 
increments  were  the  differences  between  maximum  shell  diam- 
eters of  each  tagged  abalone  at  times  of  release  and  recapture. 
Shell  diameters  were  measured  to  the  nearest  millimeter  using 
Vernier  calipers.  Length-frequency  distributions  at  time  of  release 
for  each  location  show  that  most  tagged  abalone  were  >60  mm 
(Fig.  2). 

Data  Analysis 

The  original  deterministic  Gompertz  growth  model  for  length- 
at-age  data  was  reparameterized  to  a  model  for  length-increment 
data  (Troynikov  et  al.  this  volume). 


M(Al)  =  L,J/,/L.)"'"^ 


-/, 


(1) 


Model  (1)  has  two  Gompertz  growth  parameters  L-^  and  g.  one 
parameter  less  than  in  the  Gompertz  model  for  length-at-age  data. 
Here  /,  is  length  at  release.  At  is  time  interval  at  liberty,  and  A/  is 
length  increment.  From  formula  ( 1 )  follows  that  A/(0)  =  0  and 
A/(^)  =  L^  -  /|.  There  are  several  examples  of  using  a  Gompertz 
growth  model  for  length-increment  data  in  the  literature.  Kurogane 
et  al.  (1974)  and  Kaufmann  (1981)  have  proposed  special  tech- 
niques for  approximate  estimation  of  the  Gompertz  growth  param- 
eters using  restrictive  additional  assumptions  about  length- 
increment  data.  Equation  I  is  the  direct  reparameterization  of  the 
Gompertz  model  without  any  additional  assumptions. 

Three  stochastic  growth  models  in  the  form  of  conditional  (on 
the  length  at  release  /, )  probability  density  of  length-increments  A/ 
for  time  at  liberty  At  that  incorporate  the  distribution  of  L^ 
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Figure  1.  Locations  of  abalone  populations  where  growth  data  were 
sampled. 
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Figure  2.  Length  frequency  at  release  of  tagged  abalone  for  three 
abalone  (//.  rubra)  populations. 

(Weibull.  gamma,  and  log-normal)  and  parameter  g  of  the  Gomp- 
ertz growth  model  were  used  for  parameterization  of  growth  het- 
erogeneity in  the  abalone  populations.  Weibull.  gamma,  and  log- 
normal  distributions  are  the  most  commonly  used  distributions  for 
the  description  of  positively  distributed  continuous  variables.  We 
used  the  positive  distributions  for  L,  to  avoid  negative  tails  that 
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are  irKonsislciU  with  the  biological  meaning  ot  si/.e  ol  animal 
(maximum  shell  diameter,  in  this  instance).  When  the  variance  of 
L.  is  large,  then  the  negative  tail  of  the  dislribiition  can  be  large. 
In  this  situation,  assumption  about  normal  distribution  of  L,  is 
inappropriate  for  describing  the  data. 

The  following  expressions  are  stochastic  versions  of  the  deter- 
ministic growth  Model  (I)  (Troynikov  et  al.  this  volume). 


WG^,(,x,At;g,Ti,al/|)  =  {Ti(L,(x)/alTi„p 

[-U(x)/an/U(x)}' 


(2) 


here  t)  and  a  are  parameters  of  the  Weibull  distribution.  Model  (2) 
is  the  conditional  on  size-at-release  /,  probability  density  function 
of  length  increment  A/,  and  At  is  a  parameter  of  the  distribution; 

GG^,(x.At;g.\.pl/,)  =  {[X  L,jx)]p„p 

clL-A\) 
[-\Ljx)]/[r(p)U(x)]}— ^^       (3) 

here  \  and  p  are  parameters  of  the  gamma  distribution.  Fix)  is  the 
aamma  function; 


LNG_^,(x.At;2.|ji.iTl/,l  =  [exp{-[log(L^(x) 


-lJL]-/(2a-)}/(aV2TrU(x)] 


dL-Jx) 
d\ 


(4) 


here  |ji  and  ci  are  parameters  of  the  log-nomial  distribution.  Where 
formulae  (2),  (3).  and  (4)  we  have  (Troynikov  et  al.  this  volume) 


Ljx) =[(/,+ x)/rp'-^^"]- 


1 


-  exp(-gAt) 

WG  stands  for  WeibuU-Gompertz.  GG  for  Gamma-Gompertz. 
and  LNG  for  Log-normal-Gompertz.  Semicolons  are  used  to  sepa- 
rate the  parameters  that  should  be  estimated  from  data.  Equations 
2,  3,  and  4  have  three  parameters  for  estimation,  only  one  more 
then  in  the  deterministic  Eq.  1. 

We  use  the  Kullback's  informative  mean  to  discriminate  be- 
tween Eqs.  2.  3.  and  4  with  respect  to  the  fit  to  data  (Wilks  1962). 
Although  this  discrimination  between  models  is  not  a  statistical 
test  of  hypotheses,  it  allows  us  to  avoid  large  errors  in  assumptions 
when  selecting  a  particular  model.  More  formal  tests  of  separate 
families  of  hypotheses  for  some  families  of  distributions  were 
developed  by  Cox  (1962). 

NUMERIC.\L  RESULTS 

In  this  section,  we  demonstrate  the  ability  of  the  new  stochastic 
growth  models  to  extract  the  information  about  distribution  of 
asymptotic  size  from  size-increment  data  with  high  heterogeneity. 

The  program  is  written  in  FORTRAN  77  for  UNIX  with  a 
simple,  convenient  shell  used  for  estimating  parameters  and  cal- 
culating different  growth  characteristics.  The  Nelder-Mead  sim- 
plex method  is  used  for  numerical  approximation  of  the  maximum 
log-likelihood  function. 

For  Seal  Rocks  and  Boulder  Point,  the  lognormal  distribution 
of  L-,  provided  the  best  fit  to  the  data  and  Weibull  the  worst  (Table 
I).  For  Tullaberga  1..  the  gamma  distribution  seemed  to  fit  better; 
however  because  Kullback's  informative  mean  A(LNG.GG)  = 
-0.003.  the  difference  is  relatively  small.  Note  that  the  values 
A(LNG.WG)  and   A(GG.WG)  are   significantly   bigger  than 


TABLE  \. 

Kullback's  informative  mean  A(M1,M2)  (if  A(!VILM2l  >  (I  then 
model  Ml  fit  the  data  better;  if  <  (t  then  M2  fit  better  respectively). 


Location               A(GG.WG) 

A(LNG,WG) 

A(LNG,GG) 

Seal  Rocks                 2.00  x  10"' 

2.24  X  10"' 

2.42x10"= 

Tullaberga  1.              2.37  x  K)-- 

2.08  X  10-- 

-2.86  X  IQ-' 

Boulder  Point            2.88x10"' 

.148  X  IQ-' 

5.%x  10"= 

WG  =  Weibull-Gompertz.  00  = 

GamiiKi-Gompertz. 

and  LNG  =  log- 

normal-Gompertz. 

A(GG.LNG).  and  the  distinction  between  values  g  and  E(L„)  for 
"WG"'  model  from  those  for  "LNG"  and  "GG"  is  bigger  than 
between  "LNG"  and  "GG"  models.  These  numerical  results 
show  that  Kullback's  informative  mean  provides  reliable  discrimi- 
nation between  models  with  respect  to  fit  to  empirical  data  distri- 
bution. 

We  use  numerical  integration  to  calculate  the  quantiles  of  a 
distribution  and  "the  proportion  less  than  the  Legal  Minimum 
Length"  (see  Table  3).  Derivation  of  the  statistical  error  for  these 
integrals  is  unknown.  If  the  subject  of  the  analysis  is  the  growth  of 
a  specific  population,  then  known  bootstrap  techniques  can  be  used 
to  generate  confidence  limits  for  the  numerical  results.  Because 
this  study  focuses  on  the  presentation  of  a  new  approach,  rather 
than  the  specific  numerical  results,  the  computer  time-consuming 
task  of  generating  confidence  limits  (which,  in  our  case,  also, 
required  numerical  integration)  was  not  undertaken. 

The  values  of  the  mathematical  expectation  E(L„)  were  close  to 
the  medians  of  the  lognormal  distributions  of  each  population 
(Tables  2  and  3).  Note  that  in  Table  2.  the  standard  errors  are 
expressed  in  percentages  to  enable  comparison  of  errors  in  esti- 
mates of  different  parameters.  The  estimates  of  L,_  and  g  for  the 
deterministic  version  of  the  Gompertz  growth  model  for  length- 
increment  data  were  close  to  E(L-^. )  and  a  values  for  the  stochastic 
version  of  the  Gompertz  growth  model  with  a  lognormal  distribu- 
tion of  L,.  for  Seal  Rocks  and  Tullaberga  I.,  but  different  for 
Boulder  Point.  This  difference  could  be  attributable  to  a  greater 
departure  from  the  distribution  of  L^  from  normality.  Despite  the 
biggest  LML  for  Boulder  Point  the  percentage  of  abalone  that  are 
unlikely  to  attain  LML  is  smallest  (Table  3).  This  highlights  the 
utility  of  our  approach  in  estimating  the  asymptotic  size  distribu- 
tion rather  than  arbitrarily  setting  what  may  be  perceived  as  rela- 
tively large  size  limits  to  conserve  a  population. 

DISCUSSION 

Identification  of  the  proportion  of  abalone  unlikely  to  attain 
legal  size  provides  important  quantitative  information  for  deter- 
mining if  LMLs  are  sufficiently  conservative  to  ensure  reproduc- 
tive sustainability,  or  overly  conservative  and  wasteful  of  yield. 
This  information  is  also  important,  because  quantitative  assess- 
ments of  mortality,  catchability.  and  fecundity,  as  well  as  other 
population  parameters,  are  limited  for  wild  abalone  populations. 

Through  application  of  the  stochastic  growth  model  for  length 
increment  data  we  can  estimate  the  lower  bound  of  this  proportion. 
In  this  study  26-39%  of  the  tagged  abalone  would  have  remained 
smaller  than  the  LML.  The  extent  to  which  these  proportions  could 
be  expected  to  conserve  the  stock  will  depend  not  only  on  their  egg 
production,  but  also  upon  the  contributions  made  by  the  remaining 


830 


Troynikov  and  Gorfine 


TABLE  2. 

Likelihood  estimates  of  parameters  for  the  stochastic  Gompertz 

growth  model  for  length-increment  data  from  three  H.  rubra 

populations  in  Victoria:  E  and  SI)  are  the  mathematical  expectation 

and  standard  deviation  of  L^;  here  t|  and  a  are  the  parameters  of 

the  Weibull  distribution,  p  and  a  are  the  parameters  of  the  gamma 

distribution:  and  p  and  ir  are  the  parameters  of  the 

log-normal  distribution. 


Location 

Seal 

Tullaberga 

Boulder 

Model 

Parameter 

Rocks 

L 

Point 

WG 

11 

7.00  (5%) 

8.28(7%) 

5.21  (6%) 

a 

116(1%) 

120(1%) 

132(1%) 

g 

0.52  (4%) 

0.47  (5%) 

0.49(6%) 

E(L„) 

109 

113 

121 

SD(L^) 

17% 

14% 

22% 

GG 

P 

43.92(11%) 

37.84(13%) 

26.77  (9%) 

\ 

0.38(11%) 

0.31  (14%) 

0.20(10%) 

g 

0.40  (4%) 

0.37  (6%) 

0.33  (4%) 

E(LJ 

115 

121 

134 

SD(LJ 

15% 

14% 

19% 

LNG 

M- 

4.75  (1%) 

4.79(1%) 

4.92(1%) 

CT 

0.16(6%) 

0.17(7%) 

0.21  (5%) 

g 

0.36(5%) 

0.34(6%) 

0.28  (5%) 

E(LJ 

117 

123 

140 

SD(L„) 

16% 

14% 

22% 

Gompertz 

L, 

115(1%) 

120  «1%) 

131  «1%) 

deterministic 

g 

0.36(1%) 

0.36(1%) 

0.33(1%) 

Sample  size 

350 

578 

531 

WG  =  Weibull-Gompertz,  GG  =  Gamina-Gompertz.  and  LNG 
normal-Gompertz.  (*%)  is  relative  statistical  error. 
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61-74'^  of  abalone  that  will  be  recruited  into  the  stock.  This  pailly 
depends  upon  growth  rate,  with  those  growing  slowly  having  more 
time  to  reproduce  before  becoming  available  to  the  fishery.  How- 
ever, fecundity  has  been  shown  to  be  proportional  to  length  for 
reproductively  mature  individuals,  implying  that  faster  growing 
individuals  have  greater  reproductive  potential  per  time  interval 
(Nash  et  al.  1994).  The  contribution  of  legal-size  abalone  to  egg 
production  and  subsequent  recruitment  depends  upon  mortality 
and  catchability.  Catchability.  in  turn,  depends  upon  the  extent  of 
available  cryptic  habitat,  numbers  of  abalone  that  are  not  in  ag- 
gregations and  diver's  expectations  of  acceptable  catch  rates.  For 
example.  McShane  and  Nay  lor  (1993)  postulated  that  those  aba- 
lone that  are  disaggregated  may  contribute  sufficient  egg  produc- 
tion to  account  for  all  the  recruitment  necessary  for  sustainability. 
The  basis  for  his  assertion  is  that  abalone  divers  target  larger 
aggregations  of  abalone  to  the  exclusion  of  scattered  individuals. 


However,  in  instances  where  bottom  topography  is  such  that  the 
spatial  distribution  of  abalone  expo.ses  most  of  the  legal-sized  aba- 
lone to  fishing,  then  the  LML  becomes  a  critical  determinant  of 
stock  replenishment.  The  closeness  of  the  E(L^)  and  median  val- 
ues (Tables  2  and  3)  shows  that  if  E(L.^)  values  (or  deterministic 
estimates  of  L-.,)  were  chosen  as  LMLs.  then  about  50%  of  the 
abalone  would  remain  unavailable  to  the  fishery.  This  may  be 
overly  conservative  and  result  in  substantial  loss  of  potential  pro- 
duction. 

The  estimates  of  distributions  of  asymptotic  length  parameter 
L-,  in  this  study  have  large  variances.  This  property  of  the  L^ 
distributions  is  consistent  with  infomiation  about  growth  in  aba- 
lone populations.  Tarr  ( 1995)  and  Shepherd  et  al.  ( 1995)  estimated 
L^  for  several  populations  of  H.  iiiidae  and  H.  inariae.  respec- 
tively. Approximate  estimates  of  minimum  standard  deviations  of 
L^.  from  these  studies  are  37  mm  for  H.  midae  and  75  mm  H. 
marine,  indicative  of  the  large  variability  within  populations  that 
characterizes  abalone  generally.  When  McNamara  and  Johnson 
( 1995)  plotted  growth  rate  against  shell  length  for  H.  asinina  up  to 
100  mtn  they  showed  that  for  many  abalone  larger  than  60  mm, 
annual  increments  were  close  to  zero.  A  corollary  of  this  is  that 
maxitnum  lengths  attained  by  individual  abalone  in  the  study 
population  fell  w  ithin  a  wide  range  that  can  start  from  60  mm.  This 
is  consistent  with  our  results  (Fig.  3),  which  show  a  wide  range  of 
asymptotic  lengths  distributed  above  70  mm. 

The  stochastic  version  of  the  Gompertz  growth  model  for 
length-increment  data  with  a  lognormal  distribution  L,  was  the 
tiiost  appropriate  given  the  dataset  (Table  I ).  The  sigmoid  shape  of 
the  Gompertz  curve  is  consistent  with  the  growth  trajectory  during 
the  prematurity  phase  of  abalone  life  history.  However,  previous 
studies  have  mostly  suggested  that  growth  is  linear  among  juvenile 
abalone.  Although  it  is  clear  from  this  study  that,  for  our  data,  the 
Gompertz  curve  fits  well,  a  more  convincing  argument  could  be 
made  where  a  larger  proportion  of  juveniles  were  included  in  the 
samples.  Under  these  circumstances,  a  wider  range  of  such  growth 
functions  as  the  logistic  and  Richards  (Schnute  1981)  could  be 
tested.  Model  ( 1 )  as  well  as  other  growth  functions,  can  be  used  for 
development  of  stochastic  growth  models  in  the  form  of  probabil- 
ity density  function  (Troynikov  1998)  with  one  or  two  random 
growth  parameters. 

This  study  and  previous  work  has  highlighted  the  lack  of  length 
increment  data  for  juvenile  abalone.  Satisfying  this  need  presents 
substantial  problems  however,  because  the  preference  of  juvenile 
abalone  for  cryptic  habitat  results  in  their  under-representation  in 
population  samples.  Most  abalone  tagging  data  relates  to  adult 
abalone  whose  growth  is  generally  much  slower  than  for  juveniles. 
Whilst  juvenile  growth  is  important  when  attempting  to  estimate 
time  to  recruitment,  the  sirowth  data  from  adult  abalone  are  more 


TABLE  3. 

Quantiles  of  the  log-normal  distribution  of  the  asymptotic  length  L^  (mm)  for  H.  rubra  from  three  locations  in  Victoria;  shaded  cells 
represent  the  part  (P%)  of  the  abalone  population  that  will  not  reach  legal  minimum  length  (LML)  for  Tishing. 


LML 

P% 

Percentile 

Location 

10% 

20% 

30% 

40%r 

50  %< 

60% 

70% 

80% 

90% 

Seal  Rocks 
Tullaberga  I. 
Boulder  Point 

110 
110 
120 

39 
30 
2fi 

94 
97 
104 

101 
105 
114 

106 
110 
122 

111 
116 
1.30 

116 
121 
137 

120 
126 
144 

126 

132 
153 

133 
140 
163 

142 
151 
180 
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Seat  Rocks 

-  -  -  Tullaberga  I 
Boulder  Point 


Figure  i.  Distribution  of  asymptotic  length  for  three  abalone  (//.  rubra)  populations  in  Victoria. 


informative  for  assessment  of  the  proportion  of  a  population  ex- 
cluded from  the  stock  by  the  LML. 
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ABSTRACT  This  paper  addresses  the  problem  of  growth  estimation  from  tagging  data  that  exhibit  large  heterogeneity  in  size- 
increinents.  Precision  in  growth  estimation  is  essential  for  stock  assessment,  especially  for  abulone  fisheries,  because  they  are  managed 
in  part  by  size  limits.  However,  abalone  growth  is  notoriously  variable,  changing  dramatically  between  seasons  and  sites.  It  is  also 
known  that  juvenile  growth  does  not  fit  the  commonly  used  von  Bertalanffy  model.  We  present  a  modified  deterministic  Gompertz 
model  for  tagging  data  and  three  stochastic  versions  in  which  asymptotic  length  is  a  random  parameter.  The  Kullback's  informative 
mean  was  used  to  discriminate  between  models  with  respect  to  the  fit  to  data. 

Every  3  months  over  an  18-month  period,  abalone  were  collected  from  within  an  area  of  approximately  200  m  x  200  m  at  Point 
Cook  reef,  in  Port  Phillip  Bay.  They  were  brought  to  shore,  tagged,  measured,  and  returned  within  1-2  hours.  Previously  tagged  abalone 
were  found  and  measured  in  situ  with  vernier  calipers  to  minimize  disturbance.  Thus,  the  data  provide  infonnation  on  the  growth  of 
abalone  for  six  consecutive  3-month  penods  (seasons).  Sizes  ranged  from  15  to  125  mm  maximum  shell  length  at  release.  The 
distribution  of  asymptotic  length  was  estimated  from  all  the  length  increment  data  for  large  size  classes.  The  parameter  g  of  the 
Gompertz  model,  and  distributions  of  length-increments  for  various  initial  sizes,  were  obtained  for  each  season.  The  numerical  results 
show  that  juvenile  growth  vanes  more  markedly  with  season  than  with  initial  size;  whereas,  in  larger  abalone.  growth  increments  vary 
with  initial  length  and  are  less  dependent  on  season. 

KEY  WORDS:     growth,  stochastic.  Gompertz  model,  length-increment  data 


INTRODUCTION 

Predictive  models  of  stock  dytiamics  are  the  basis  for  all  stock 
assessment  and.  thus,  fishery  management  (Hilborn  and  Walters 
1992).  Good  estimates  of  growth  are  essential  to  predict  the  dy- 
namics of  the  stock,  including  yield,  reproductive  output,  and  its 
response  to  fishing  (Beamish  1990.  Day  and  Fleming  1992).  This 
is  especially  true  for  abalone  fisheries,  because  in  most  cases,  the 
abalone  cannot  be  aged  with  any  certainty,  and  growth  is  highly 
variable  (Day  et  al.  1995.  Shepherd  et  al.  1995).  Minimum  legal 
lengths  are  used  worldwide  to  protect  reproductive  capacity  of 
stocks  (Prince  and  Shepherd  1992),  and  adequate  models  of 
growth  are  needed  to  determine  minimum  length  for  fishing. 

Usually  the  abalone  growth  data  available  are  produced  by 
tagging  experiments.  Here,  initial  size  and  the  growth  increment 
over  a  specified  time  are  known,  but  not  the  ages  of  the  animals. 
In  this  case,  size  cannot  be  directly  related  to  age.  Abalone  growth, 
as  well  as  growth  of  other  marine  species,  has  traditionally  been 
fitted  to  the  von  Bertalanffy  growth  curve  using  the  method  of 
Fabens  (1965).  However  the  data  of  Poore  (1972).  Shepherd  et  al. 
(1985),  Shepherd  (1988),  and  Prince  et  al.  (1988)  show  that  the 
mean  growth  rate  of  juvenile  abalone  tends  to  increase  when  they 
are  very  small  and  is  almost  linear  for  larger  juveniles,  before  the 
growth  rate  decreases  as  they  becoine  mature.  Such  growth  is  best 
fitted  by  a  Gompertz  growth  curve  (e.g..  Nash  1992).  Yamaguchi 
( 1975)  has  pointed  out  that  this  curve  is  a  better  fit  than  the  von 
Bertalanffy  curve  for  many  species  when  considering  the  growth 
of  small  juveniles  as  well  as  subadults. 

Large  variation  in  growth  is  characteristic  of  abalone  popula- 
tions, and  this  has  important  consequences  for  management.  In 
particular,  Haliotis  ndnxi  in  Australia  display  extremely  variable 
growth,  both  between  local  areas  and  within  reefs  (Day  and  Flem- 


ing 1992.  Nash  1992).  Sainsbury  (1982)  showed  that  to  represent 
populations  with  high  growth  heterogeneity,  models  with  distrib- 
uted growth  parameters  should  be  applied.  In  this  case,  the  "av- 
erage growth  parameters""  do  not  represent  the  growth  of  a  popu- 
lation. 

In  this  paper,  we  present  a  detenninistic  Gompertz  growth 
model  for  length-increment  data,  which  is  an  exact  reparametriza- 
tion  of  the  classical  Gompertz  growth  model  for  length-at-age  data, 
and  three  stochastic  Gompertz  models  that  are  developed  on  the 
basis  of  the  technique  for  stochastic  paratnetrization  proposed  by 
Troynikov  (1998).  In  these  models,  the  parameter  of  asymptotic 
length  is  positively  distributed,  with  Weibull.  gamma,  or  log- 
normal  probability  density  functions.  The  length-increment  in 
these  models  has  a  probability  density  conditional  on  length-at- 
release.  We  demonstrate  the  use  of  these  models  in  describing  the 
growth  of  abalone  and  seasonal  changes  in  the  growth  of  Juveniles. 

It  is  important  to  obtain  data  and  estimates  of  growth  param- 
eters that  provide  information  on  the  rapid  growth  phase  of  juve- 
niles, because  data  on  the  slow  growth  of  larger  individuals  reveal 
very  little  about  the  rate  of  recruitment  of  abalone  to  adult  stocks 
and  the  fishery,  and,  thus,  about  the  dynamics  of  the  stocks  under 
fishing.  Shepherd  and  Heam  (1983)  have  also  shown  that  growth 
of  abalone  changes  seasonally,  with  the  growth  of  juveniles  being 
most  affected.  In  this  study,  we  investigate  the  seasonal  patterns  of 
growth  of  a  wide  size  range  of  blacklip  abalone  (Haliotis  ntlvci)  by 
tagging  individuals  and  measuring  them  at  3-month  intervals  over 
six  seasons.  We  use  a  two-step  procedure  wherein  paraineteres  are 
estimated  independently  from  subsets  of  the  data.  Data  for  all 
seasons  are  first  pooled,  and  a  distribution  of  asymptotic  length  is 
fitted.  This  distribution  is  then  fixed,  and  we  estimate  the  Gomp- 
ertz growth  parameter  g,  which  indexes  the  expected  rate  at  which 
abalone  grow  to  reach  their  final  size,  from  data  for  each  season. 
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SAMPLING  METHOD 

Abalone  were  tagged  to  estimate  growth  on  Point  Cook  reef,  in 
Port  Pliillip  Bay,  Australia  (37"55'S.  I44"48'E)  (Fig.  I ).  This  is  a 
slowly  sloping  reef  of  basalt  boulders  and  smaller  rocks  inter- 
spersed with  sand,  which  extends  300-400  m  from  shore  and  to 
about  5  m  depth.  The  reef  has  supported  a  large  harvest  of  blacklip 
abalone  over  many  years.  The  area  within  100  m  of  shore  is  a 
marine  reserve,  and  the  study  was  conducted  at  the  north  end  of  the 
reserve,  by  SCUBA  diving  from  shore,  at  a  depth  of  up  to  4  m. 

Larger  abalone  were  removed  from  rocks  using  a  commercial 
"abalone  iron."  and  juveniles  were  collected  by  overturning  boul- 
ders and  removing  them  by  hand  once  they  started  to  move.  They 
were  carried  to  shore  and  placed  in  trays  with  1-2  cm  of  seawater 
while  they  were  tagged,  and  the  maximum  shell  length  was  mea- 
sured using  plastic  vernier  callipers.  Two  kinds  of  tags  were  used: 
for  larger  abalone  tinted  epoxy  glue  was  painted  onto  the  shell  to 
form  numbers,  and  for  juveniles,  small  numbered  polyethylene 
tags  (Hallprint,  South  Australia)  were  fixed  to  the  shell  with  Su- 
perglue.  After  tagging,  abalone  were  placed  on  rocks  in  plastic 
mesh  cages  on  the  reef  and  left  overnight  to  recover,  before  being 
returned  to  the  reef.  This  procedure  was  designed  to  minimize 
stress,  which  an  earlier  study  (Leorke  unpubl.)  had  shown  induced 
increased  movement. 

At  intervals  of  about  3  months,  divers  searched  for  marked 
abalone  and  remeasured  them  //;  siiii  on  the  reef  using  the  plastic 
callipers  to  minimize  disturbance.  Further  abalone  were  then  tagged 
in  an  attempt  to  ensure  about  100  recaptures  could  be  recorded 
each  season.  Varying  numbers  of  abalone  were  found  and  mea- 
sured in  each  of  six  seasons,  from  February  to  May  1983  (Autumn) 
to  May  to  August  1984.  Most  recapture  times  were  90  days  ±  10 
days.  To  check  on  the  precision  of  the  underwater  length  measure- 
ments, cases  where  the  same  abalone  had  been  measured  twice  on 


the  same  day.  either  by  the  same  diver,  or  by  two  different  divers, 
were  collated. 

GOMPERTZ  MODELS  FOR  LENGTH-INCREMENT  DATA 

The  deterministic  Gompertz  growth  model  for  length- 
increment  data  was  obtained  as  a  direct  reparametrization  of  the 
original  Gompertz  growth  function  into  a  model  with  parameter  At 
as  the  time  interval  between  observations.  The  Gompertz  model 
for  aging  data  is: 

/(t)  =  L„explG  ( 1  -  exp(-g  t))]  =  U.  exp[-G  exp(-g  t)|  ( 1 ) 

Here  L.,  =  /(^)=  L|,exp(G)  is  asymptotic  length,  L(,  =  1(0}  and 
g  >  0.  G  >  0.  Let  /,  =  /(t|)  and  U  =  /(t,)  be  size-at-release  and 
size-at-recapture,  t,  =  t,  +  At.  A/(At)  =  /^  -  /,.  Then,  using 
simple  algebra,  we  have  a  model  for  size-increment  data.  From 
Model  1.  we  have 


h  =  Z.-_,exp[-G  exp(-?  (f,  +  Af))] 
=  L^exp  [-G  expi-g  f ,  )exp(-g  Af)] 


(2) 


and 


/,/L^_  =  expl-G  e.xp(-g  t,)l  (3) 

Then  using  Eqs.  2  and  3  with  a  simple  transformation  we  have 

A/(At)  =  L-,.(/,/L,j"P'-°-^"-/,  (4) 

Here  A/(0)  =  0.  A/C^)  =  L,  -  /,.  Model  4  is  a  direct  reparam- 
etrization from  the  model  (1)  and  has  two  growth  parameters,  L^ 
and  g.  This  reparametrization  is  analogous  to  the  reparametriza- 
tion. without  additional  assumptions,  of  the  von  Bertalanffy  (1938) 
growth  model  for  length-at-age  data  to  the  Fabens  (1965)  model 
for  length  increment  data.  In  both  cases,  the  model  for  length 
increment  data  has  one  parameter  less  then  the  model  for  length- 
at-age  data.  Note  that  Kurogane  et  al.  (1974)  and  Kaufmann  (1981) 
proposed  special  techniques  to  estimate  Gompertz  growth  param- 
eters using  lenglh-uicrement  data.  However,  the  extra  assumptions 
they  used  produced  approximate  estimates  of  Gompertz  param- 
eters. Model  4  can  be  applied  to  length-increment  data  without  any 
additional  assumptions. 

To  study  seasonality  in  abalone  growth  we  used  stochastic 
versions  of  the  Gompertz  growth  model  for  size-increment  data 
with  a  random  parameter  L,  and  a  constant  parameter  g.  The 
models  have  the  form  of  probability  density  functions.  We  used  the 
positive  distributions  for  L^  to  avoid  large  negative  tails  when 
variances  of  L-,_  are  large.  Large  variances  of  L.,^  distributions  are 
consistent  with  information  about  growth  in  abalone  populations 
(Day  and  Fleming  1992,  McNamara  and  Johnson  1995). 

Consider  A/  as  a  function  of  L, .  then  from  Model  4  the  inverse 
function  is 


LJM)  =  [(/,  +  /i/)/-'''P<-5^"]'--P'-s^"     and 
cILAM)  I  //, +  A/^ 


,/A/ 


(\exp(gAiKl 


Figure  I.  Map  of  Australia  showing  the  location  of  Port  Phillip  Bay 
and  map  of  Port  Phillip  Bay  showing  the  location  of  the  reef  off  Point 
Cook. 


I  -  exp(-gAt) 

Let  L,  be  a  positively  distributed  random  variable  with  a  Weibull, 
gamma,  or  log-normal  distribution.  Using  the  rule  for  changing  the 
\ariablc  of  integration  in  a  prohahility  densit\'  function  we  have: 

WG^,(x,Al;g.-n.al/|)  =  {r|[L,(x)/a]'' 

,  dLA\) 
exp[-LJx)/ar/L-_,(x)}— ^^       (5) 
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Here  t|  and  tx  are  parameters  of  the  Weibull  disiribiitiiMi.  Model  5 
is  a  probability  density  I'unetion  of  length  inereiiient  A/,  which  is 
conditional  on  size-at-releasc  /,.  and  At  is  a  parameter  of  the  dis- 
tribution. 


GG^,(x.At;g.\.pl/,)  =  il\L,(x)]' 


exp[-XL,(x)]/[r(p)L,(x)J} 


dLJx) 


(6) 


Here  \  and  p  are  parameters  of  the  gamma  distribution.  r(x)  is  the 
gamma  function. 

LNG^,(x,At:g.p..al/|)  =  {exp[-log(L,(x)  -  ijiI'/Cct")]/ 

[crV'2TTL-.(xl]}  (7) 

Here  p.  and  a  are  parameters  of  the  log-normal  distribution.  WG 
stands  for  Weibull-Gonipertz.  GG  for  Gamma-Gompertz.  and 
LNG  for  log-normal-Gonipertz.  We  use  a  semicolon  to  separate 
those  parameters  that  should  be  estimated  from  the  data.  Models  5, 
6.  and  7  have  three  parameters  that  should  be  estimated  from  data. 
Therefore,  there  is  only  one  more  parameter  than  in  deterministic 
models  for  size-increment  data. 

The  Gompertz  growth  models  where  the  second  parameter  is 
random  can  be  obtained  using  the  technique  described  in  Troyni- 
kov  ( 1992).  Note  that,  in  these  models,  the  growth  parameter  L-,_  of 
an  individual  is  not  assumed  to  be  constant  during  the  life  history 
of  that  individual,  and  the  individual's  growth  trajectory  is  con- 
sidered to  be  the  realization  of  a  random  process. 

RESULTS 

The  average  difference  between  measurements  on  the  same  day 
was  0.95  mm  (n  =  81).  Analysis  of  variance  (ANOVA)  showed 
no  significant  differences  in  the  measurements  between  divers  (F 
=  3.017.  df  =  1.77).  However,  there  was  a  significant  trend  for 
measurement  differences  to  increase  with  abalone  size  (F  =  5.023. 
df  =  1,79),  as  might  be  expected. 

Growth  increments  were  initially  adjusted  linearly  to  a  90-day 
period,  to  facilitate  comparison  and  examination  of  the  data  only 
(because  this  process  introduces  bias).  In  each  season,  growth 
increments  were  quite  variable;  for  example,  adjusted  increments 
are  plotted  against  size  for  summer  1983/1994  and  winter  1984 
(Fig.  2A,B).  For  each  season,  initial  sizes  were  grouped  into  six 


2()-mm  categories,  and  the  mean  adjusted  increment  for  each  size 
class  was  plotted  against  initial  size  (Fig.  3).  In  all  seasons,  the 
increments  for  smaller  size  classes  do  not  decrease  with  size, 
which  suggests  a  Gompertz  growth  model.  In  contrast,  a  von  Ber- 
lalanffy  growth  curve  requires  that  increments  decrease  with  ini- 
tial size  in  a  linear  fashion.  Figure  3  also  shows  that  the  mean 
increments  differed  substantially  between  seasons  for  abalone 
smaller  than  60  mm  length,  but  not  for  large  abalone.  The  negative 
growth  data  shown  for  larger  abalone  may  be  a  result  of  the  mea- 
surement error  described  above,  but  our  observations  indicate  it 
may  also  represent  erosion  of  the  edges  of  abalone  shells. 

Increments  for  small  abalone  were  unlikely  to  provide  reliable 
information  on  asymptotic  length:  essentially  the  smaller  abalone 
do  not  "know"  what  length  they  will  reach.  The  distribution  of 
asymptotic  length  should  be  independent  from  .seasonality  in 
growth.  Therefore,  we  pooled  the  data  for  all  seasons  and  used  the 
raw  increments  and  times  at  liberty  for  abalone  over  60  mm  long 
to  estimate  the  distribution  of  asymptotic  length  (Fig.  4).  We  fitted 
models  with  Weibull,  gamma,  and  log-normal  distributions  of  as- 
ymptotic length  to  the  data.  The  parameters  of  the  distributions  of 
asymptotic  length  are  shown  in  Table  1 .  The  relatively  large  stan- 
dard deviations  indicate  the  substantial  variability  of  abalone 
growth.  Kullback's  informative  mean  (Wilks  1962)  indicated  that 
the  stochastic  Gompertz  model  with  a  log-normal  distribution  of 
asymptotic  length  provided  the  best  fit  to  the  data  for  abalone 
>60  mm. 

The  raw  data  for  smaller  abalone  (<60  mm)  were  then  used  to 
estimate  the  Gompertz  growth  parameter  g  for  each  season  (Table 
2).  by  fixing  the  log-normal  distribution  of  asymptotic  length  as  a 
constraint  in  the  model  when  running  the  fitting  routine.  In  this 
way,  we  avoided  correlation  between  the  estimates  of  seasonal 
growth  parameters  and  the  parameters  of  the  asymptotic  length 
distribution.  The  standard  errors  measure  the  precision  of  the  es- 
timated parameters.  They  are  relatively  small  as  compared  to  both 
the  means  and  the  differences  between  seasons,  which  indicates 
that  it  is  important  to  account  for  differences  between  seasons  in 
juvenile  growth  when  modelling  abalone  growth.  The  Gompertz 
parameter  g  is  large  in  spring  and  summer  and  lowest  in  winter. 
The  values  of  g  are  similar  for  the  winters  in  each  year. 

Figure  5  shows  the  estimated  distributions  of  growth  incre- 
ments for  various  initial  sizes.  This  figure  shows  more  graphically 
that  the  differences  between  mean  increments  across  seasons  are 
substantial.  The  periodicity  of  the  seasonal  changes  in  growth  is 
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Figure  2.  Growth  increments  nf'ahalnne,  adjusted  linearly  to  a  90-dav  period,  plotted  against  initial  length:  \.  data  for  summer  198,V4;  B.  data 
for  winter  1984. 
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Summer  83/4 


Initial  Size  (mm) 

Figure  3.  Mean  growth  increments,  in  eacii  3-montli  period,  of  aba- 
lone  in  20  mm  length  classes,  plotted  against  initial  length.  The  incre- 
ments have  been  adjusted  linearly  to  a  MO-day  period.  Squares:  winter 
1983  (June  to  August!;  triangles:  spring  1983  (September  to  Novem- 
ber); crosses:  summer  1983/4  (December  to  February);  stars:  autumn 
1984;  circles:  winter  1984. 

evident,  and  note  tliat  in  seasons  when  growth  is  faster,  there  is 
also  more  variable  growth.  The  length  increments  of  individuals 
10.  20.  and  40  mm  long  are  always  greater  than  zero  for  all  sea- 
sons, but  in  every  season,  some  of  the  60  mm  abalone  have  length 
increments  close  to  zero.  The  variance  of  the  length  increments 
increases  with  size,  but  the  mode  of  the  length  increment  distri- 
bution for  60  mm  abalone  is  smaller  than  for  40  and  20  mm 
abalone.  There  is  a  large  overlap  in  the  ranges  of  the  length  in- 
crements of  different  size  classes.  For  example,  the  range  of  length 
increments  of  the  20  mm  size  class  is  included  in  the  range  of 
length  increments  of  the  40  mm  size  class  in  all  seasons,  and  the 
length  increment  range  of  the  60  mm  size  class  includes  that  of  all 
other  size  classes. 
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Figure  4.  The  log-normal  probability  density  of  asymptotic  length  fit- 
ted to  growth  increment  data  for  abalone  >6II  mm  in  length:  data  from 
all  seasons  were  pooled. 


TABLE  1. 

The  mean  K|U|  in  mm  and  standard  deviation  SD[U]  of  asymptotic 

length  distributions  fitted  to  abalone  >60  mm,  sample  size  n  =  153 

and  maximum  length  ML  =  118  of  recaptured  abalone. 


Moment 


Log-normal 


Gamma 


Weibull 


E[IJ 
SD[U 


105.5 
20.5 


102.6 
18.4 


95.9 
19.2 


To  estimate  the  parameter  g  over  1  year,  the  model  was  fitted 
to  data  pooled  from  the  last  four  seasons:  spring  1983  to  winter 
1984.  with  the  same  log-normal  distribution  of  asymptotic  length 
as  above.  The  estimated  g  was  0.74.  with  a  standard  error  of  0.0 1 1 . 
Note  that  the  number  of  abalone  <60  mm  in  the  samples  from 
spring  1983  and  summer  1983/1984  is  larger  than  in  autumn  1984 
and  winter  1984.  so  the  value  of  g  over  one  year  is  likely  to  be 
overestimated.  The  mean  value  of  g  over  1  year  is  0.67. 

DISCUSSION 

The  use  of  tagging  data  involves  the  assumptions  that  the  tag 
does  not  affect  growth,  and  the  animals  tagged  and  recaptured  are 
a  random  subset  of  the  population  (Day  and  Fleming  1992).  We 
attempted  to  minimize  any  effect  of  tagging  on  growth  by  mini- 
mizing the  handling  time  of  abalone  out  of  the  water,  by  using 
numbers  painted  or  glued  onto  the  shell,  and  by  allowing  abalone 
to  recover  in  cages  immediately  after  tagging.  In  addition,  in  each 
dataset.  some  of  the  animals  had  been  tagged  previously,  and  the 
increments  are  differences  between  two  measurements  of  the  ani- 
mals ill  xilii  with  minimal  disturbance.  Boulders  were  overturned 
to  ensure  both  cryptic  and  exposed  individuals  were  lagged  and 
recaptured,  and  the  short  tagging  periods  minimize  any  effect  of 
differential  mortality  of  fast  and  slow  growing  abalone  (Francis 
1988). 

Our  model  produces  a  distribution  of  asymptotic  lengths,  rather 
than  a  single  parameter.  This  accords  well  with  the  experience  of 
abalone  divers  and  biologists,  which  is:  abalone  that  seem  to  be 
very  old  vary  widely  in  size.  This  variation  means  that  not  all  of 
the  abalone  in  a  population  will  reach  the  size  limit  and  recruit  to 
the  fishery:  the  proportion  that  recruit  will  depend  upon  the  rela- 
tion between  the  distribution  of  asymptotic  length  at  each  site  and 
the  size  limit. 

Abalone  divers  classify  some  areas  as  "stunted  stocks,"  be- 
cause few  of  the  abalone  grow  past  the  size  limit.  Wells  and 
Mulvay  (1995)  compared  populations  of  Haliotis  laevigata  in  such 
areas  with  those  in  "good  growth"  areas.  They  were  unable  to 

TABLE  2. 

The  estimated  (Jonipertz  parameter  g  for  each  season,  obtained  by 

nillng  the  model  to  juveniles  (<6(l  mm)  with  fixed  log-normal 

distributions  of  asymptotic  size  (parameters  in  Table  1)  and 

standard  error  and  sample-size  (nl. 


Season 

g 

SE 

n 

Winter  1983 

0,45 

0.012 

93 
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116(1 
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88 

Summer  14X3/4 

1  III 
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0.023 
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Figure  5.  Probability  density  of  estimated  groHth  increments  of  aba- 
lone  of  10  to  60  mm  initial  size,  in  each  season. 

demonstrate  growth  differences  when  fitting  tag  data  to  a  deter- 
ministic von  Bertalanffy  model.  We  suggest  this  is.  at  least  in  part, 
a  consequence  of  the  variable  growth  at  each  site  that  is  evident  in 
their  figures,  so  that  the  fitting  of  a  single  asymptotic  length  at  each 
site  is  inappropriate. 

The  procedure  of  splitting  the  data  at  60  mm  initial  length 
allowed  us  to  produce  an  estimate  of  the  distribution  of  asymptotic 
lengths  based  on  a  large  dataset  and  independently  estimate  the 
Gompertz  parameter  g  for  each  season,  based  on  the  smaller  aba- 


lone  that  provide  "seasonal"  information  on  this  parameter.  Note 
that  60  mm  was  chosen  as  an  approximate  size  for  subdivision  of 
the  data  on  the  basis  of  Figure  2.  but  Figure  5  shows  that  60  mm 
juveniles  differ  in  growth  between  seasons.  We  have  not  yet  ex- 
plored the  consequences  of  varying  the  60  mm  dividing  line  be- 
tween the  larger  animals  used  to  estimate  the  asymptotic  length 
distribution  and  the  smaller  animals  used  to  estimate  the  values  of 
g.  For  any  application  of  the  model,  this  decision  would  be  based 
on  the  relative  quantities  of  data  available  in  each  size  range. 

Growth  was  most  rapid  in  summer  and  slowest  in  winter.  Pre- 
vious studies  differ  about  which  season  produces  the  most  rapid 
growth  in  abalone  (Sakai  1962.  Newman  1968.  Keesing  and  Wells 
1989.  Shepherd  and  Heam  1983).  and  the  variation  has  been  re- 
lated to  temperature,  spawning  cycle,  and  most  commonly,  to 
variations  in  food  supply  (Day  and  Fleming  1992).  At  Point  Cook, 
the  more  rapid  growth  in  summer  may  be  related  to  the  availability 
of  more  nutritious  ephemeral  red  algae  (Fleming  1995).  which 
seem  to  be  more  abundant  at  this  site  in  the  summer. 

The  growth  of  smaller  abalone  varied  most  between  seasons.  In 
large,  mature  abalone,  it  seems  likely  that  in  seasons  when  food 
resources  are  more  abundant  the  extra  resources  fuel  gonad  devel- 
opment and  gametogenesis.  rather  than  growth.  Smaller,  immature 
individuals  would  devote  all  of  their  available  resources  to  growth. 
Cubberley  (1990)  has  shown  that  at  Point  Cook,  the  gonad  first 
becomes  visible  in  abalone  at  about  60  mm  shell  length,  which 
corresponds  neatly  with  the  pattern  shown  in  our  data.  In  the  60 
mm  size  class,  individuals  that  have  not  begun  to  develop  the 
gonad  may  grow  faster.  In  the  60  mm  size  class,  the  variance  of  the 
growth  increment  may  be  larger  than  in  the  smaller  size  classes, 
because  at  this  size,  there  is  a  mixture  of  individuals  with  different 
growth  activity. 

This  paper  is  the  first  study  of  seasonality  in  growth  using 
stochastic  Gompertz  growth  models  for  tagging  data.  We  focused 
on  the  differences  between  seasons  in  juvenile  growth,  and  thus,  a 
fixed  parameter  g  seems  appropriate.  Although  the  general  method 
of  stochastic  parameterization  (Troynikov  1998)  provides  a  variety 
of  stochastic  growth  models  with  different  distributions  of  the 
growth  parameters,  the  models  with  two  or  more  random  param- 
eters have  the  form  of  an  integral,  so  consumption  of  computer 
time  to  estimate  parameters  increases  rapidly. 

As  the  discussion  above  shows,  our  stochastic  model  captures 
far  more  features  of  the  data  than  previous  models,  and  thus,  brings 
up  more  issues  that  require  a  biological  explanation.  We  believe 
that  one  of  the  major  strengths  of  these  models  is  the  process 
whereby  the  model  suggests  new  hypotheses  for  testing.  This  will 
lead  us  to  an  enhanced  understanding  of  the  factors  affecting  aba- 
lone growth.  Applying  these  models  to  other  abalone  species,  or 
other  organisms  that  display  very  heterogeneous  growth,  should 
lead  to  further  advances  in  our  understanding. 
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ABSTRACT  Abalone  have  been  exploited  commercially  at  La  Natividad  Island.  Baja  California  since  about  \95b.  The  fishery  for 
Haliotis  sorenseni  collapsed  after  about  7  years,  and  those  for  Halioris  cornigata  and  Huliotis  fiilgens  in  1984.  Subsequently,  the 
fishery  recovered  somewhat  before  the  recent  decline  in  1994  to  1997.  Egg-per-recruit  (EPR)  analyses  for  the  two  major  species  were 
carried  out  with  mformation  on  growth  rate,  fishing  mortality  rate,  and  size  at  sexual  maturity  and  other  data  obtained  mostly  during 
the  iy90s.  Egg  production  conserved  before  the  19X4  collapse  was  probably  somewhat  low  for  H.  corrii)>iitu  at  -30— W)'7r  of  the 
maximum  possible  in  untlshed  conditions,  and  certainly  low  for  H.  fulgens  dl  ~20'7r.  After  the  collapse  with  better  control  of  the  fishery. 
the  egg  production  improved  slightly  for  H.  cornigata  to  -30-50'7r,  and  for  H.  fidgens  to  -25^0%,  but  from  1995  has  declined  again 
as  fishing  mortality  increased.  The  periodic  El  Nifios  cause  elevated  sea  temperatures  and  loss  of  Macrocyslis  in  the  region.  The  total 
abalone  catch  from  1965  to  1996  was  correlated  with  mean  sea  surface  temperature  anomalies  with  a  lag  of  8  years,  which  is  the 
average  period  from  larval  settlement  until  recruitment  into  the  fishery.  This  implies  that  sea  temperature  anomalies  have  a  positive 
effect  on  recruitment.  On  the  other  hand,  there  is  also  slight  evidence  of  recruitment  failure  during  severe  El  Ninos.  Although 
environmental  variables  and  recruitment  overfishing  can  each  cause  reductions  in  catch,  the  presence  of  both  makes  a  decline 
practically  inevitable.  Quota  managed  fisheries  must  take  into  account  environmental  effects  on  recruitment  if  they  wish  to  avert 
declines. 

KEY  WORDS:  Haliotis  cornigata.  Haliotis  fidgens.  abalone  fishery,  population  decline,  egg-per-recruit  analysis.  El  Nino,  sea 
surface  temperatures,  recruitment  overfishing,  environmental  variables. 


INTRODUCTION 

The  Mexican  abalone  fishery  of  central  Baja  California. 
Mexico  has  a  troubled  history.  From  the  mid-1950s,  the  fishery 
flourished  for  two  decades,  then  declined,  and  finally  collapsed  in 
1984.  subsequently  recovering  for  some  years  before  going  into 
decline  again.  Data  on  the  population  biology  of  the  species  fished 
are  few  and  recent;  hence,  knowledge  of  the  status  of  the  fishery 
"is  slender  but  the  tradition  fabulous." 

Analyses  of  the  fishery  in  specific  coastal  areas  in  the  region 
have  been  done  by  Doi  et  al.  (1977).  Mari'n  (1981).  Rocha  and 
Arregui'n-Sanchez  (1987)  and  Prince  and  Guzman  el  Proo  ( 1993). 
but  they  have  depended  on  some  dubious  parameter  estimations, 
and  the  conclusions  are  in  some  respects  implausible.  There  are  no 
analyses  of  the  fishery  for  the  Island  of  La  Natividad.  Vega  et  al. 
(1997)  have  recently  reviewed  the  fishery  for  the  whole  of  Baja 
California  and  concluded  that  environmental  factors,  as  well  as 
overfishing,  have  been  causally  implicated  in  the  recent  declines. 
Current  studies  providing  the  basis  for  aging  the  shell  (Shepherd  et 
al.  1995.  Shepherd  and  Avalos-Borja  1997.  Shepherd  and  Tuitu- 
biates-Morales  1997)  have  enabled  a  more  accurate  estimation  of 
such  population  parameters  as  growth  and  mortality  rates,  and 
hence  allowed  us  to  undertake  this  egg-per-recruit  (EPR)  analysis 
together  with  a  more  reliable  assessment  of  the  fishery  and  its 
decline.  Our  approach  is  to  use  this  model  to  assess  the  role  of 
recruitment  overfishing  at  the  critical  periods  prior  to  the  declines 
of  the  abalone  fishery  at  La  Natividad.  and  then  to  consider  an 
alternative  explanation  for  the  declines;  namely,  the  effect  of  El 
Nino  oceanographic  events  and  sea  surface  teinperature  (SST) 
anomalies  on  the  fishery. 

We  have  chosen  the  fishery  at  La  Natividad  Island  for  this 
studv.  because  we  have  the  data  for  an  EPR  analysis,  and  the 


abalone  populations  can  be  considered  as  ecologically  independent 
of  other  abalone  populations  in  the  legion.  La  Natividad  is  about 
20  km  from  Cedros  to  the  north  and  about  9  km  from  Punta 
Eugenia  to  the  southeast.  Although  tidal  excursions  are  several  km. 
abalone  larvae  are  unlikely  to  be  transported  between  La  Natividad 
populations  and  those  of  the  neighboring  mainland  or  Cedros  be- 
cause tidal  currents  flow  transversely  into  and  from  the  Bay  of 
Vizcaino  (Fig.  1 ).  Therefore,  our  analysis  is  based  on  the  assump- 
tion that  the  La  Natividad  populations  are  self-recruiting.  Recent 
genetic  studies  by  Rodriguez  et  al.  ( 1997)  support  this  assumption. 

History  of  the  Fishery 

The  account  given  here  draws  partly  on  the  more  general  ones 
given  by  Guzman  del  Proo  (1992).  Prince  and  Guzman  del  Proo 
( 1993).  and  Vega  et  al.  ( 1997)  and  their  sources,  and  partly  on  our 
own  data  and  those  of  the  La  Natividad  Cooperative.  The  abalone 
fishery  at  La  Natividad  probably  started  in  about  1956  (Guzman 
del  Proo  1975).  The  tnean  annual  catch  was  initially  980  t  (in  shell 
weight)  declining  to  around  500  t  after  3  years.  Catches  are  pre- 
sented from  1960  in  Figure  3  and  remained  stable  until  about  1975, 
when  a  decline  set  in.  Four  species  were  exploited.  Haliotis  fidgens 
Philippi.  Haliotis  cornigata  Wood.  Haliotis  sorenseni  Bartsch. 
and  Haliotis  cracherodii  Leach.  Until  about  1970.  H.  cornigata 
comprised  70-809^  of  the  catch,  but  with  the  decline  of  that  spe- 
cies, H.  fulgens  and  H.  sorenseni  were  exploited  more  intensively. 
By  1976,  the  fishery  for  H.  sorenseni  had  collapsed,  and  later 
catches  were  small  and  incidental;  the  species  was  formally  pro- 
tected in  1995.  H.  cracherodii  was  apparently  exploited  only  spo- 
radically and  in  small  amounts  between  1974  and  1984.  The  quan- 
tities taken  are  not  known,  but  in  the  period  1981  to  1988,  were 
only  about  1.5%  of  the  total  catch  (Leievier-Grijalva  et  al.  1989). 


839 


840 


Shepherd  et  al. 


^ 

^^^/ 
^**^ 


■;  ^ 


Figure  1.  Map  of  the  island  of  La  Natividad.  The  location  of  the  fish- 
ery reserve  is  shown  as  R.  The  directions  of  tidal  currents  are  indicated 
with  arrows.  The  zones  of  the  fishery  are  indicated  by  the  letters  A-F. 
Shaded  areas  around  the  Island  are  Macrocystis  beds.  The  isobaths  are 
10  and  20  m,  respectively. 

Management 

From  1956  to  1984,  the  fishery  was  managed  by  size  limits 
(which  were  rarely  observed)  and  seasonal  closures.  After  the  1984 
collapse,  stricter  controls  were  gradually  introduced  and  more  rig- 
orous stock  assessments  carried  out.  Legal  minimum  lengths 
(LML)  were  enforced  for  the  first  time.  These  were;  145  mm  shell 
length  (SL)  for  H.  fulgens  and  135  mm  SL  for  H.  coniigata. 

Quotas  were  introduced  in  1981.  After  preliminary  surveys  in 
1985,  annual  surveys  were  done  from  1988  with  divers  from  the 
cooperative  supervised  by  research  personnel.  The  methods  are 
given  in  detail  by  Reinecke-Reyes  ( 1997)  and  summarized  below. 
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Figure  2.  Catch-curves  i.e.  age  frequency  plots  from  which  Z  is  cal- 
culated as  the  negative  slope  of  the  regression  fitted  to  the  solid  data 
points  (those  age  groups  fully  recruited  lo  the  fishery)  for  II.  fulgens  in 
May  1994  and  March  1995. 


The  areas  of  abalone-bearing  reefs  were  estimated  by  using  buoys 
to  delimit  their  boundaries  and  global  positioning  system  (GPS) 
fixes  on  the  buoys  to  map  their  extent.  Abalone  reefs  to  20  m  depth 
around  the  Island  (Fig.  I )  were  divided  into  a  500-ni  grid  lo  give 
blocks  of  500  X  500  m,  with  minor  adjustments  for  smaller  areas 
according  to  the  geography.  In  each  block  8-10  samples,  each  a  5 
X  2  m  transect,  were  taken  by  a  random  sampling  strategy,  strati- 
fied by  depth.  All  abalone  in  the  samples  were  taken  to  the  surface 
and  measured  in  the  boat  and  a  subsample  retained  for  determi- 
nation of  total  weight,  meat  weight,  and  reproductive  state. 

The  survey  data  were  analyzed  to  give  estimates  (and  standard' 
errors)  of:  (1)  total  density;  (2)  density  of  those  below;  and  (3)  of 
those  above  LML.  From  the  length  frequency  data,  the  mean 
weight  of  abalone  in  each  5  mm  SL  category  was  estimated. 

From  1990  to  1995  quotas  for  each  block  were  fixed  at  30%  (in 
the  last  year  between  15  and  30%)  of  the  legal-sized  abalone  in 
each  block,  and  the  annual  quota  was  the  sum  of  the  quotas  for 
each  block.  In  1996,  quotas  were  based  on  the  estimated  biomass 
of  prerecruits  predicted  to  recruit  into  the  fishery  during  the  year. 
In  1997,  a  more  elaborate  method  was  used  (see  FAO  1982).  The 
Hilborn  and  Walters  ( 1992)  dynamic  version  of  the  Schaefer  sur- 
plus production  model,  modified  to  include  the  environmental  ef- 
fect of  mean  sea  temperature  anomalies  (see  Sierra  et  al.  1997), 
was  used  to  estimate  the  surplus  available  for  capture.  Bayesian 
techniques  were  used  to  revise  the  estimates  based  on  the  com- 
parison of  catches  of  previous  years  and  the  calculated  surpluses 
estimated  from  the  survey  data.  A  decision  table  was  drawn  up  for 
different  levels  of  quota  and  the  associated  risk  of  decline.  Quotas 
were  fixed  by  negotiation  between  the  Instituto  de  Pesca  (CRIP) 
and  the  cooperative.  In  addition,  by  internal  regulation  of  the 
divers  by  the  cooperative,  size  limits  of  the  major  two  species  were 
increased  by  5  mm  SL  from  1985,  and  by  a  further  5  mm  in  1997. 
A  small  area  of  about  1 5  ha  at  the  southern  end  of  the  island,  was 
also  designated  a  fishery  reserve  in  1985  (Fig.  1). 

Oceanography  and  Subtidal  Ecology 

The  coast  of  La  Natividad  is  influenced  by  the  California  cur- 
rent, which  causes  strong  upwellings  from  February  to  June  each 
year  that  lower  sea  temperatures  to  about  12-13°C.  From  October 
to  January,  the  current  is  displaced  seaward,  and  the  Davison  coun- 
tercurrent  brings  tropical  waters  northward  and  elevates  tempera- 
tures to  about  19-20°C  (Amtz  and  Fahrbach  1996).  During  El 
Nirio  years,  when  the  upwellings  are  weaker,  both  maximum  and 
minimum  temperatures  may  be  increased  by  3-4",  and  Macrocys- 
tis may  disappear  for  some  months  or  even  a  year  (see  Shepherd 
and  Avalos-Borja  1997  for  temperature  data). 

Forests  o\'  Macrocystis  pyrifera  dominate  inshore  habitats  with 
extensive  reef  of  high  relief  to  about  20-25  m  depth  (Zones  B-E) 
around  the  island,  except  for  Zone  A  on  the  northeastern  coast, 
which  is  largely  sandy  bottom  with  only  a  few  low  density  stands 
of  Macrocystis.  Other  common  subdominants  are  Eisenia  arhorea, 
Pclagopliycus  porra.  and  the  seagrass  Phyllospadix  torreyi. 
Deeper  bottom,  called  Los  Bajos.  much  of  it  rubbly  or  with  boul- 
ders and  some  outcropping  reef,  from  12-30  m  deep  (Zone  F)  has 
a  red  algal  flora  of  Conilliiia  spp.  Bossiclla.  Gelidiim  spp.,  Rhody- 
mcnia  spp.,  and  Plocamimn  coccineiim.  which  also  extends  up  into 
the  Macrocystis  forest  (see  Guzman  del  Proo  et  al.  1972  and 
Serviere-Zaragoza  this  volume). 

For  H.  fill  gens,  the  most  productive  zones  are  Zones  B,  D,  and 
F  al  Ihc  norlhvvcst  and  southeast  sides  of  the  island  (  ^)94  mean 
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legal  densities  0.25-0.3  m"'^):  Zones  A  and  C  are  moderately  pro- 
ductive (1994  legal  densities  -0.15  m"").  and  Zone  F  the  least 
productive  with  low  legal  densities  in  1994  of  <0.05  m  ".  For  H. 
coinigata  the  deeper  Zone  F,  and  those  at  the  extremities.  B  and 
E,  are  more  productive  (1994  legal  densities  0.1-0.15  m"^)  than 
Zones  A.  C.  and  D  ( 1994  legal  densities  0.05-0.1  m"-).  The  pro- 
portional production  from  the  six  zones  for  1994  is  given  in  Ta- 
ble 1. 

MATERIALS  AND  METHODS 

Catch  and  effort  data  are  published  by  Anuarios  Estadisticas  de 
Pesca.  and  more  detailed  data  are  archived  in  the  La  Paz  office  of 
CRIP.  Catch  data  for  individual  species  are  available  only  from 
1986.  so  for  the  earlier  years,  we  used  the  proportions  derived  in 
market  measuring  programs  and  summarized  from  various  sources 
by  Guzman  del  Proo  (1992).  For  missing  years,  we  interpolated 
and  smoothed  proportions. 

Catch  per  unit  effort  (CPUE)  data  in  kg/diving  teanVday  were 
considered  by  Prince  and  Guzman  del  Proo  (1993)  to  be  a  crude 
index  of  abundance,  in  contrast  to  most  other  abalone  fisheries 
Breen  (1992),  because  divers  use  lead- weighted  boots  to  walk  over 
the  bottom.  Hence,  searching  is  not  dependent  on  the  presence  of 
aggregations.  The  total  catch  is  highly  correlated  with  CPUE  (r  = 
0.90;  p  <  .0001 ).  so  in  this  paper,  we  have  used  the  total  catch  as 
a  crude  index  of  abundance. 

The  annual  survey  data  were  used  to  estimate  density  of  re- 
cruits and  total  numbers.  Recruitment  values  were:  for  H.  corru- 
gata.  the  density  of  individuals  40-110  mm  SL,  corresponding 
roughly  to  the  2-1-  and  3-1-  age  classes  combined,  and  for  H.  fidgens. 
the  density  of  those  50-100  mm  SL,  corresponding  to  the  2-i-  age 
class.  Mean  SST  anomalies  of  ocean  waters  adjacent  to  central 
Baja  California,  originally  from  the  COADS  data  set  (Roy  and 
Mendelssohn  1994).  were  extracted  from  Vega  et  al.  (1997). 

EPR  Analysis 

An  analytical  model  was  used  to  examine  the  effect  of  size  at 
first  capture  and  exploitation  rate  on  the  egg  production  of  each 
species.  Modeling  was  done  with  the  equations  given  in  Nash 
(1992).  which  are  age-structured  dynamic  pool  models  based  on 
Baranov's  (1918)  classic  catch  equation.  The  spawning  potential 
of  each  age  class  is  summed  from  the  age  of  reproductive  maturity 
to  maximum  age  (20  y)  for  an  unfished  stock  to  produce  the  total 
egg  production  per  recruit.  This  is  the  well-known  measure  of 
population  finess,  R^,  (Steams  1992).  The  spawning  potential  of 
the  fished  stock,  under  chosen  levels  of  natural  mortality.  M.  is 
expressed  for  a  range  of  levels  of  fishing  mortality.  F.  and  sizes  at 
first  capture,  as  a  percentage  of  Rq  to  produce  the  percentage 
egg-per-recruit  {%  EPR)  values  plotted  as  isopleths. 

The  parameters  given  in  Table  2  were  used  as  inputs  to  the 
model.  The  von  Bertalanffy  growth  parameters  for  H.  corrugata 
are  the  means  of  the  two  sets  of  values  given  by  Shepherd  and 

TABLE  1. 

Proportional  production  of  H.  fulgens  and  H.  corrugata  for  each 
area  shown  in  Figure  L 


TABLE  2. 

Parameters  used  in  the  EPR  analysis.  Standard  errors  are 
in  parentheses. 


Parameter 

H.  corrugata 

H.  fulgens 

Growth 

K 

0.29 

0.32 

L, 

165.0 

183.3 

To 

0.6 

0.8 

Length-weight 

A  X  10"" 

1.38 

2.24 

b 

3.50 

3.36 

r" 

0.89 

0.94 

N 

418 

314 

Fecundity 

c 

-0.61 

d 

0.0026 

e 

0.037 

x 

2.19 

Size  at  sexual 

maturity  (mm) 

103.5 

121.5 

Total  mortality  (Z) 

c.  1980 

0.28  (0.02) 

1992 

0.38  (0.02) 

0.43  (0.03) 

1993 

0.38(0.02) 

0.34  (0.04) 

1994 

0.40  (0.04) 

0.29  (0.06) 

1995 

0.66(0.05) 

0.51(0.06) 

1996 

0.27(0.13) 

0.39  (0.07) 

H.  fulgens 
H.  corrugata 


0.15 
0.20 


0.18 
0.09 


0.33 
0.25 


0.03 
0.04 


0.08 
0.03 


0.24 
0..19 


Equation  for  length-weight  is:  W  =  a  L'',  for  fecundity  is  F  =  c  +  d  W 

or  F  =  e  L". 

W  in  g:  L  in  mm;  F  in  millions  of  eggs. 

Avalos-Borja  ( 1997).  and  for  H.  fulgens,  are  those  in  Shepherd  and 
Turrubiates-Morales  (1997).  The  length-weight  equations  are  un- 
published data  of  one  of  us  (J.  T-M),  and  the  fecundity  equarions, 
for  the  nearest  known  populations  in  the  absence  of  data  from  La 
Natividad.  are  from  Shepherd  et  al.  ( 1991 )  for  H.  fulgens  and  from 
Ortiz-Quintanilla  and  Gonzalez-Aviles  (1986)  for  H.  corrugata. 

Natural  mortality  rates.  M.  summarized  by  Shepherd  and  Breen 
( 1992).  are  poorly  known.  Published  values  of  0.35-0.43  by  Doi  et 
al.  (1977)  and  Mari'n  (1981)  for  H.  corrugata  were  based  on  un- 
substantiated estimates  of  longevity  of  15-20  years.  They  also 
overestimated  growth  rates  that  would  have  contributed  to  the 
overestimation  of  M  (see  Prince  and  Guzman  de  Proo  1993).  The 
value  of  0.2  for//,  corrugata  by  Tutschulle  (1976)  and  0.07  for//. 
fulgens  by  Olsen  (see  Shepherd  and  Breen  1992)  may  be  more 
realistic  than  other  published  values.  We  have  recorded  longevities 
of  25  years  for  both  species  at  La  Natividad.  which  would  suggest 
a  value  of  about  0.18  using  Hoenig"s  ( 1983)  fonnulatsee  Shepherd 
and  Breen  1992). 

The  method  of  fixing  quotas  used  until  1996  should  also  give 
a  crude  estimate  of  F.  The  capture  of  30%  of  the  legal-sized  stock 
gives  an  estimate  of  F  =  0.36.  However,  the  mean  estimate  of  Z 
for  the  years  1992  to  1995  for  both  species  was  only  0.38,  sug- 
gesting that  estimates  of  abundance  and/or  of  M  are  very  low. 
Taking  these  considerations  into  account,  we  have  used  two  values 
of  M,  0.15  and  0.25.  which  should  encompass  the  range  of  likely 
values. 

Total  mortality  rates.  Z.  were  obtained  by  catch-curve  analyses, 
using  the  shell-aging  techniques  of  Shepherd  and  Avalos-Borja 
(1997)  and  Shepherd  and  Turrubiates-Morales  (1997).  Fishing 
mortality  rates  can  be  derived  from  the  equation  Z  =  F  -i-  M. 
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RESULTS 

The  catches  of  W.  corrugata.  H.  fidgens.  and  H.  sorenseni  (the 
proportions  were  estimated  in  some  early  years,  see  Methods)  and 
a  mean  annual  catch  rate  (where  available)  from  1960  to  1996  are 
shown  in  Figure  3,  together  with  the  survey  data  since  1985.  H. 
sorenseni  suffered  an  early  demise  after  about  7  years  fishing  and 
after  that  was  taken  in  very  small  numbers  (a  few  kg  day"')  until 
1995.  when  it  was  protected.  Catches  and  catch  rates  of  the  re- 
maining two  species  declined  to  a  low  level  in  1980  reaching  a 
minimum  in  1984.  thereafter  catches  increased  somewhat  before 
the  last  decline  in  1992  to  1996.  Density  data  for  the  annual  sur- 
veys show  a  continuing  decline  in  abundance  of  H.  fulgens  since 
1985,  but  some  increase  in  abundance  for  H.  cuniigata  since  1985. 

We  examined  correlations  between  total  catch  and  SST  anoma- 
lies separately  for  the  "stable"  period  of  the  fishery  (1965  to 
1980)  and  the  period  from  collapse  to  the  present  (1980  to  1996) 
for  lag  times  of  7-9  years,  which  covers  the  period  from  larval 
settlement  to  entry  to  the  fishei-y.  We  excluded  data  from  1960  to 


1964,  because  animals  caught  in  these  years  would  have  been 
spawned  by  virgin  or  near- virgin  stocks.  For  the  period  1965  to 
1980.  the  total  catch  was  significantly  correlated  with  SST  anoma- 
lies when  the  catch  was  lagged  8  years  (r  =  0.50;  p  <  .05).  In  the 
second  period,  correlations  were  significant  for  7-  and  9-year  lags 
in  the  catch  (r  =  0.6-0.8;  p  <  .01).  but  highest  for  an  8-year  lag 
time  (r  =  0.86;  p  <  .001). 

Catch-curves  published  by  Shepherd  and  Avalos-Borja  (1997) 
show  that  H.  corrugala  is  partially  recruited  to  the  fishery  at  age 
5.  and  fully  recruited  at  age  8.  The  principal  ages  exploited  in  1995 
were  6-10  years  (87%  of  catch).  Overall.  Z  has  increased  gradu- 
ally since  1979  to  the  present,  implying  a  gradually  increasing  F 
from  about  0.1-0.5.  Recent  catch-curves  for  H.  fulgens  (Fig.  2) 
show  that  this  species  is  partially  recruited  to  the  fishery  at  age  3 
and  fully  recruited  at  age  6  or  7.  The  principal  ages  exploited  are 
6-10  y  (71%).  Z  has  varied  during  the  1990s  (Table  I)  averaging 
about  0.39,  indicating  a  likely  range  of  F  of  0.15-0.25. 

EPR  values  at  M  =  0.15  and  0.25  (Fig.  4)  show  that  %EPR 
conserved  for  H.  corrugala  has  declined  from  >50%  in  about 


—  Total  Catch 
-•—  H.  fulgens 
-:^  H.  corrugata 
-•— H.  sorenseni 


C)     —-  Sea  Temperature  anomaly 

-e-  Anomaly  moved  forward  8  years 


1,8  . 

-d) 

TOTAL  DENSITY 

16 

-•— H.  fulgens 

^ 

1.2  ■ 

~^^H.  corrugata 

m                   \ 

08 

y 

0  6 

\  /\ 

0  4 

\/  \  ^ 

0.2  1 

"-o-o-l-,/*^'^*^^ 

0  - 

,      , 

1    1    1    1    1     1     1    1 "  1    1    1    1    1    1° (    1    1    1    1 

Figure  i.  a.  Catch  in  tonnes  total  weight  of  H.  cor- 
rugala, H.  fulgens.  and  H.  sorenseni,  lndi\lduully  and 
combined,  from  1%0  to  1996.  b.  Catch  per  unit  effort 
(CPl'E)  in  kg  per  diving  team  per  day  for  all  species 
combined  for  196(1  to  1996.  c.  Mean  sea  temperature 
anomalies  (  C)  for  the  central  Baja  California  Pacific 
coast  from  1960  to  1995.  and  the  same  anomalies 
moved  forward  S  years,  d.  Survey  density  data  (total 
numbers  m~")  for  H.  corrugala  and  H.  fulgens.  e. 
Recruitment  density  (numbers  100  m  ")  for  H.  cor- 
rugata and  H.  fulgens. 
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a)  H.  corrugata  M  =  0.15 


b)  H.  corrugata  M  =  0.25 
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Figure  4.  Egg-per-recruit  isopleths  for  H.  corrugata  (a,b)  and  H.  fulgens  (c,d)  at  M  =  0.15  and  0.25  for  various  fishing  mortality  rates  (F)  and 
lengths  at  first  capture. 


1980,  to  30-50%  in  1990  to  1994.  to  20-40%  in  1995  at  the  ranges 
of  F  given.  Values  during  the  1970s  when  the  catch  declined 
seriously  are  conjectural.  However,  we  note  that  at  F  =  0.25. 
which  seems  reasonable  in  the  open  habitat  of  H.  corrugata  the 
%EPR  conserved  would  have  been  <40'7f  at  the  higher  M  value 
and  <30%  at  the  lower  value.  The  known  widespread  failure  to 
observe  size  limits  would  reduce  these  percentages  slightly.  Over- 
all, the  different  values  of  M  caused  differences  of  10-20%  in 
%EPR. 

For  H.  fulgens  different  M  values  had  even  greater  relative 
effects  (Fig.  4).  At  M  =  0.15.  %EPR  was  about  20%-  from  1985 
to  1994.  declining  to  <I0%  in  1995.  At  M  =  0.25.  %EPR  was 


about  40-50%  until  1994.  falling  to  <20%  in  1995.  These  %EPR 
values  do  not  take  into  account  the  additional  egg  production  con- 
served in  the  reserve  area,  which  contains  predominantly  H.  ful- 
gens. Assuming  that  F  is  0.25.  which  is  probably  a  conservative 
estimate  given  the  high  effort  in  the  fishery,  then  the  %EPR  con- 
served before  the  1984  collapse  is  <20%'  over  the  chosen  range 
of  M. 

DISCUSSION 

The  catch  history  of  the  two  major  abalone  species  suggests  an 
initial  period  of  stability  from  I960  to  about  1975  and  a  second 
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period  of  instability  characterized  by  two  declines  from  1975  to  the 
present  (see  Vega  et  ai.  1997).  Assuming  an  average  lag  time  of 
6-8  years  from  larval  settlement  until  entry  of  recruits  into  the 
fishery  the  data  suggest  that  recruitment  overfishing  may  have 
occurred  as  early  as  1971  to  1973  to  produce  the  severe  declines  in 
the  catch  in  1978  to  1980.  During  this  period,  mean  densities  of 
both  species  of  abalone  in  neighboring  cooperatives  where  catches 
followed  the  same  downward  trajectory  fell  from  0.18  m""  to  0.03 
m""  (Guzman  del  Proo  1989.  Guzman  del  Proo  1992).  We  assume 
that  densities  would  have  similarly  declined  in  La  Natividad.  Such 
a  decline  in  density  would  have  had  serious  consequences  for 
fertilization  success  as  well  as  over-all  egg  production  (see  Shep- 
herd and  Partington  1995).  The  likely  low  %EPR  values  of  20% 
for  H.  fulgens  and  the  margin  value  of  -35%  for  H.  corriigata 
support  our  recruitment  overfishing  hypothesis  whatever  value  of 
M  is  chosen.  On  the  latter  point,  we  note  that  our  study,  as  with 
most  EPR  analyses  (e.g.  Nash  1992)  are  sensitive  to  changes  in  M. 

Following  the  1984  collapse,  the  densities  of  both  species  have 
been  low.  despite  the  increase  for  H.  corriigata.  and  it  is  likely  that 
the  Allee  effect  is  operating  to  reduce  still  further  fertilization 
success.  Shepherd  and  Partington  ( 1995)  found  that  a  critical  den- 
sity was  about  0.2  m^".  below  which  the  risk  of  recruitment  failure 
was  high. 

What  evidence  is  there  that  oceanographic  events  have  contrib- 
uted to  the  changes  in  abalone  abundance  since  1975?  The  major 
feature  in  the  region  is  the  episodic  El  Nifio  referred  to  above.  El 
Nifio  events  during  the  period  of  interest  were  in  1972  to  1973. 
1982  to  1983  (strong).  1987.  and  1991  to  1992  (strong).  Macro- 
cystis  beds  disappeared  from  around  La  Natividad  in  late  1983  and 
in  late  1991  (Shepherd  and  Avalos-Borja  1997,  Shepherd  and  Tur- 
rubiates-Morales  1997).  The  El  Nino  could  affect  abalone  popu- 
lations in  several  ways.  First,  the  higher  temperatures  could  reduce 
algal  food  abundance,  as  well  as  eliminating  the  Macrocystis 
canopy  (Tegner  and  Dayton  1987.  Dayton  et  al.  1992.  Tegneret  al. 
1997).  The  absence  of  the  Macrocystis  canopy  during  spawning 
could  affect  recruitment,  because  abalone  larvae,  without  a  canopy 
to  retain  them  close  to  the  reef  system  are  more  likely  to  be 
transported  away.  Jackson  and  Winant  (1983)  have  shown  that 
kelp  forests  attenuate  water  movement  and  can  retain  larvae  for  the 
whole  of  their  larval  life  within  a  forest.  Similarly.  McShane  et  al. 
( 1 988 )  postulated  that  abalone  larvae  were  retained  around  natal 
reefs  by  macroalgal  canopies  of  PhysUospora  coinosa,  a  much 
smaller  species  than  Macrocystis.  On  this  point,  note  that  the  most 
productive  zones  around  La  Natividad  are  at  the  northern  and 
southern  extremities,  where  Macrocystis  forests  are  the  most  ex- 
tensive and  the  most  dense  (Fig.  1).  Second,  the  reduced  abun- 
dance of  algal  food  could  cause  reduced  fecundity,  as  in  California 
(Tutschulte  and  Connell  1981.  Tegner  and  Dayton  1987).  or  could 
lead  to  increased  M  in  the  population  either  by  starvation  or  poor 
physiological  condition  and  greater  susceptibility  to  predation. 
These  possibilities  are  not  mutually  exclusive,  but  note  that  two  of 
them  act  at  the  recruitment  stage  and  one  (increased  predation)  at 
the  adult  stage.  Shepherd  and  Avalos-Borja  (1997)  and  Shepherd 
and  Turrubiates-Morales  (1997)  showed  that  growth  checks  were 
laid  down  in  the  shell  of  both  species  during  El  Nifios  and  gave 
evidence  that  they  coincided  with  high  temperatures  and  spawning. 
However,  they  found  no  significant  differences  in  growth  rates  of 
H.  corrugata  during  the  El  Nifio  as  compared  with  later  years.  This 
implies  that  low  food  algal  abundance,  if  it  occurs,  is  unlikely  to 
cause  increased  M. 

The  strong,  positive  7-9  year  lag  time  correlations  between 
total  catch  and  SST  anomalies;  that  is.  the  period  from  lar\al 


settlement  to  age  of  capture,  suggest  that  SST  anomalies  have  a 
positive  effect  on  recruitment.  This  is  in  accord  with  the  findings 
of  Shepherd  et  al.  (1985)  and  Forster  et  al.  (1982)  that  higher  sea 
temperatures  generally  were  more  favorable  for  abalone  recruit- 
ment. Elsewhere,  El  Nifio  events  are  known  to  enhance  recruit- 
ment of  many  mollusks  (Tarazona  et  al.  1985:  Wolff  1985),  in- 
cluding H.  corrugata  (Tegner  and  Dayton  1987).  On  the  other 
hand,  there  is  some  evidence  of  poorer  recruitment  during  some  El 
Nifio  years.  No  recruitment  of  the  2-H  age  class  was  recorded  in  the 
1993  survey  data  for  either  species,  nor  for  H.  corrugata  in  1985,. 
both  two  years  after  strong  El  Nifios.  Although  the  survey  data  are 
inadequate  to  estimate  recruitment  accurately,  they  may  be  suffi- 
cient to  record  serious  recruitment  failures,  so  it  is  possible  that 
these  El  Nifios  adversely  affected  abalone  settlement.  Upon  this 
hypothesis  we  would  expect  to  have  seen  downturns  in  the  catch 
some  6-9  years  after  the  El  Nino  when  "El  Nino"  year  classes 
enter  the  fishery. 

Downturns  certainly  occurred  in  1978  to  1981  (following  the 
1972  El  Nino)  and  in  1993  to  1996  (following  the  weak  1987  El 
Nino),  but  not  in  1988  to  1992  (following  the  strong  1982  to  1983 
El  Nifio),  when  there  was  an  upturn.  At  present,  the  evidence  is 
still  equivocal,  but  we  hypothesize  that  SST  anomalies  have  a 
positive  effect  on  recruitment,  but  that  very  strong  El  Nino  events; 
that  is,  those  in  which  the  Macrocystis  disappears,  may  have  a 
negative  effect. 

The  survey  and  stock  assessment  procedures  at  La  Natividad 
present  a  number  of  problems,  some  of  them  considered  by 
Lelevier-Grijalva  and  Cabrera-Muro  (1997).  The  proportion  of 
abalone  habitat  sampled  (-0.04%)  is  very  low  and  should  be  in- 
creased by  an  order  of  magnitude  (cf  Shepherd  and  Baker  1998). 
This  would  give  better  estimates  of  recruitment  and  reduce  the 
sampling  bias  of  commercial  divers,  who  tend  to  set  the  transect 
line  where  they  can  see  abalone.  Routine  age  determination  of 
catch  samples  from  the  different  zones  of  the  fishery  would  pro- 
vide valuable  information  on  fishing  intensity  and  allow  the  use  of 
age-structured  models. 

Vega  et  al.  ( 1997)  observed  an  inverse  correlation  between  SST 
anomalies  and  the  total  catch  of  abalone  from  Baja  California 
without  applying  a  lag  time.  They  inferred  an  indirect  causal  re- 
lationship; that  is,  that  above  average  sea  temperatures  decreased 
algal  food  abundance,  which  presumably  made  the  abalone  weaker 
and  more  susceptible  to  predation.  However,  we  have  already 
shown  that  the  strong  1991  to  1992  El  Nino  did  not  reduce  the 
mean  growth  rate  of  H.  corrugata.  although  growth  was  tempo- 
rarily interrupted.  So,  on  the  present  evidence,  this  hypothesis  is 
unconvincing.  Myers  and  Cadigan  (1993)  and  Myers  and  Pepin 
(1994).  in  support  of  Hjort's  (1926)  hypothesis,  argue  that,  al- 
though oceanographic  instability  does  cause  recruitment  variabil- 
ity, it  operates  largely  at  the  presettlement  phase  of  the  life  history. 
Hence,  we  prefer  to  seek  a  mechanism  operating  at  the  recruitment 
phase,  which,  in  these  abalone  populations,  would  only  become 
evident  in  the  adult  population  some  6-9  years  later,  rather  than  a 
direct  causal  relationship,  as  suggested  by  Vega  and  colleagues.  If 
our  hypothesis  is  correct,  then  the  productivity  of  abalone  should 
increase  over  the  next  few  years  at  La  Natividad  following  the 
warming  trend  from  1988  to  1993.  except  that  the  strong  1991 
event  may  have  caused  a  recruitment  failure,  which  would  become 
apparent  in  1998  to  1999. 

However,  what  do  SST  anomalies  mean'  As  pointed  out  by 
Bakun  ( 1996).  they  are  the  net  outcome  of  the  interaction  between 
the  California  and  Davison  currents  and  include  a  suite  of  oceano- 
graphic features,  such  as  enhanced  Ekman  transport  and  wind- 
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mixing  index.  Positive  anomalies  correspond  lo  a  general  intensi- 
licatioii  ot  the  o\er-all  dynamic  system.  The  effect  of  positive 
anomalies  on  abalone  at  La  Natividad  is  still  unclear.  Observations 
by  one  of  us  (JRT)  suggest  that  the  spawning  season  is  truncated 
into  1  or  2  months.  The  survey  recruitment  data  are  inadequate  to 
support  the  generally  positive  effect  of  positive  anomalies  on 
settlement  implied  by  our  analysis.  Therefore,  our  hypotheses  on 
this  are  necessarily  provisional,  and  we  cannot  pretend  to  place 
much  confidence  in  the  obsersed  correlations  or  use  them  as  pre- 
dictive tools  without  much  better  recruitment  data. 

The  most  plausible  interpretation  of  the  fishery  data  is  that 
recruitment  overfishing  has  been  the  proximate  cause  of  the  de- 
clines and  that  climatic  variability  has  contributed  to  variability  in 
recruitment.  Management  of  the  fishery  by  quota  without  regard  to 
such  variability  must  almost  inevitably  lead  to  decline  caused  by 
the  practical  difficulties  of  estimating  the  annual  replacement  rate. 
One  interpretation  of  the  increasing  statistical  significance  level  of 
the  lag  time  correlations  between  the  two  periods  is  that  the  influ- 
ence of  en\'ironmental  effects  has  increased  as  the  fishery  has 
declined.  This  accords  with  the  view  of  May  et  al.  ( 1978)  and  the 
findings  of  Shepherd  and  Baker  (1998)  that,  as  productivity  of  a 
population  declines,  recruitment  variability  increases.  At  low  lev- 
els of  abundance,  the  fishery  seems  to  be  increasingly  driven  by 
climatic  effects,  or  at  any  rate,  climatic  effects  become  more  con- 
spicuous. 

The  question  arises  as  to  the  diagnostic  value  of  EPR  analyses 
in  this  abalone  fishery.  Shepherd  and  Baker  (1998)  reviewed  the 
persistence  of  abalone  fisheries  worldwide  and  showed  that  only 
those  fisheries  that  conserved  9fEPR  values  of  40-.'i0'7r  were  sus- 
tained in  the  long  term;  small  populations  required  much  higher 
values.  An  implication  of  their  model  is  that  if  large  populations 
are  fished  down  to  low  levels  of  productivity,  the  consequent 
increased  recruitment  variability  will  require  the  conservation  of 
relatively  greater  egg  production  (see  May  et  al.  1978)  to  prevent 
an  ongoing  decline.  Low  egg  production  in  the  1970s  sufficiently 
explains  the  failure  of  the  H.  fulgens  fishery  and  is  a  likely  expla- 
nation for  the  decline  of  the  H.  corrugata  fishery.  However,  after 
the  1984  collapse,  egg  production  has  been  conserved  at  much 
higher  levels,  but  the  populations  still  have  not  recovered  their 
former  productivity.  Vega  et  al.  (1997)  suggested  that  a  lower 
productivity  state  may  now  exist  for  exploited  abalone  in  Baja 
California,  and  this  is  consistent  with  our  analysis  of  the  La  Na- 
tividad fishery.  Shepherd  and  Baker  (1998)  proposed  a  similar  low 


density  equilibrium  (see  Connell  and  Sousa  198.^)  for  the  West 
Island  abalone  population  in  South  Australia.  Therefore,  we  hy- 
pothesize that  restoration  of  the  fishery  to  its  former  higher  level  of 
productivity  will  require  a  much  higher  level  of  egg  production  for 
some  years  to  come.  A  benefit,  other  than  that  of  higher  produc- 
tivity, is  that  increased  population  size  will  help  insulate  the  fish- 
ery against  recruitment  fluctuations.  Greater  egg  production  could 
be  achieved  by  increasing  the  size  limit,  reducing  F,  setting  aside 
more  fishery  reserves,  or  a  combination  of  these  measures.  Recent 
quota  reductions  and  increased  size  limits  are  a  step  in  this  direc- 
tion. 

The  use  of  fishery  reserves  to  increase  egg  production  is  novel 
in  abalone  fisheries,  but  is  potentially  a  very  effective  and  efficient 
way  of  increasing  egg  production  (Baker  et  al.  1996).  The  reserve 
is  well  located  in  dense  Mavrocystis  forests  at  the  southern  end  of 
the  Island,  where  larval  retention  is  likely  to  be  high.  The  major 
practical  problem  of  reserves  in  abalone  fisheries;  that  is.  the  dif- 
ficulty of  enforcement,  does  not  exist  in  this  fishery,  because 
divers  are  directly  controlled  by  managers  who  live  on  the  Island. 

The  cunent  method  of  setting  quotas  in  La  Natividad  is  sophis- 
ticated and.  arguably,  more  advanced  than  anywhere  else  in  the 
world.  Mexico  is  the  only  country  that  seriously  attempts  to  esti- 
mate absolute  abundance  and  to  base  quotas  on  that  estimate. 
Unfortunately,  as  elsewhere,  analytical  capacity  exceeds  under- 
standing of  the  key  biological  processes.  Thus,  we  still  know  very 
little  about  stock-recruitment  relations  for  these  or  any  abalone  or 
about  the  effect  of  oceanographic  large-scale  events  on  the  life 
history.  The  task  for  the  future  is  to  measure  these  effects  and 
provide  a  sounder  basis  for  the  models  already  in  use. 
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ABSTKACT  Abalone  constitute  one  of  the  most  valuable  natural  resources  on  the  west  coast  of  the  Baja  California  Peninsula. 
Mexico.  Because  of  its  economic  importance,  federal  agencies  and  fishers"  organizations  have  devoted  special  attention  to  management 
of  the  abalone  resource.  Total  allowable  catch  per  cooperative  (TACCs)  have  been  in  effect  since  1973.  However,  criteria  for  quota 
assessment  have  changed  widely,  over  time,  toward  scientifically  based  management.  We  review  three  quota  criteria  that  have  been 
considered  during  the  history  of  the  fishery:  (1)  constant  exploitation  rate;  (2)  prerecruitment  index;  and  (3)  dynamic  model  biomass 
estimations.  We  compare  these  results  with  a  newly  proposed  criterion  denved  from  the  Sinclair  method.  It  seems  clear  that,  although 
TACC-based  regulation  mav  be  considered  the  best  option  for  management  to  date,  great  efforts  should  he  made  to  reduce  the 
discrepancy  between  different  criteria.  Moreover,  it  is  our  belief  that  before  any  funher  progress  can  be  achieved  regarding  TACC 
management,  a  more  complete  understanding  is  required  of  the  effects  on  abalone  populations  of  factors  other  than  the  fishery,  such 
as  the  warm  and  cold  water  events.  El  Nifio  and  La  Nina. 

KEY  WORDS:     total  allowable  catch  per  cooperative  (TACC).  abalone.  fishery.  Mexico.  El  Niiio 


INTRODUCTION 

Traditionally,  abalone  and  lobster  fisheries  have  been  the  basis 
of  social  and  economic  development  for  most  of  the  human  settle- 
ments along  the  west  coast  of  the  Baja  California  peninsula.  Al 
present,  some  30  communities  depend  heavily  upon  these  re- 
sources. Abalone  production  is  highly  meaningful,  not  only  from  a 
social  perspective,  but  also  as  an  important  source  of  foreign  trade 
for  the  State  of  Baja  California  Sur  (nearly  $30  million  US  per 
year.  Vega  et  al.  1997.  Ponce-Di'az  et  al.  this  volume). 

Because  of  its  social  importance,  abalone  exploitation  rights 
were  allocated  exclusively  to  cooperative  organizations  by  legal 
documents  as  early  as  1936.  These  exclusive  rights  were  in  effect 
until  1992.  when  federal  legislation  was  modified,  and  species 
allocations  were  removed,  although  geographic  concessions  are 
still  in  effect  (Secretaria  de  Pesca  1992).  Although  the  1992  leg- 
islation permitted  the  participation  of  the  private  sector,  this  re- 
quires the  agreed  transference  of  concessions  from  cooperatives  to 
the  private  .sector,  which  could  occur  only  after  specific  approval 
by  authorities.  For  abalone,  no  such  transfer  has  occurred,  and 
harvesting  is  still  due  only  by  the  cooperatives. 

Two  abalone  species  represent  nearly  97'7f  of  the  total  produc- 
tion (Leon-Carballo  and  Mucino-Di'az  1996):  green  {Haliolis  ful- 
gens)  and  pink  abalone  (H.  corrugata).  The  remaining  landings 
include  red  (W.  rufescens).  black  (H.  cracherndii).  and  white  (W. 
sorenseni)  abalones. 

Abalone  landings  peaked  during  the  1963  to  1964  season,  at 
3.500  tons  of  meat  and  declined  to  about  400  tons  until  the  1982 
to  1983  season.  Although  some  recovery  was  observed  during  the 
late  1980s,  production  has  not  surpassed  values  >l.000  tons  since 
1979  (Fig.  I). 

.At  the  same  time,  the  number  of  people  who  depend  upon  this 


resource  has  increased  because  of  population  growth  (nearly  40% 
during  the  last  7  years.  INEGI  1991;  Ponce-Diaz  et  al.  in  press). 
Although  some  plans  and  projects  are  under  development  to  pro- 
vide an  alternative  economical  activity  for  these  communities  (Or- 
tega-Rubio  et  al.  in  press),  at  present,  the  abalone  fishery  is  still 
their  major  source  of  income.  This  has  resulted  in  increasing  con- 
cern among  federal  authorities  and  fishers"  organizations. 

Management  is  based  primarily  on  a  zonal  limited  entry  sys- 
tem, with  the  addition  of  regulation  strategies  that  have  included 
minimum  legal  size,  closed  seasons  and  annual  quotas,  comple- 
mented by  internal  controls  of  the  cooperatives  (Vega  et  al.  1997). 
Biomass  evaluations  have  been  made  by  direct  and  analytical 
methods  (Doi  et  al.  1977.  Guzman  del  Proo  1992.  1994.  Prince  and 
Guzman  del  Proo  1993).  Population  censuses  by  the  Instituto  Na- 
cional de  la  Pesca  and  the  cooperatives  have  been  conducted  an- 
nually since  1989. 

Total  allowable  catch  per  cooperative  has  been  in  effect  since 
1973.  It  may  be  that  TACCs  are  among  the  most  important  man- 
agement strategies  for  this  fishery.  However,  criteria  for  TACC 
assessment  have  varied  widely  over  time,  ranging  from  simple 
negotiations  between  cooperatives  and  federal  authorities  during 
the  early  years,  to  estimations  based  upon  the  application  of  dy- 
namic biomass  models.  The  main  criteria  and  temporal  changes  are 
summarized  in  Table  1. 

Until  1988.  TACCs  were  determined  after  simple  negotiations 
with  the  participation  of  fishers'  organizations  and  federal  authori- 
ties. Although  technical  considerations  were  always  taken  into 
account  (such  as  recently  observed  trends  in  total  catch  and  catch- 
per-unit-effort).  fishery-independent  estimates  on  the  existing  po- 
tentials were  unavailable.  Therefore,  decisions  were  more  fre- 
quently based  on  social,  economical,  and  political  considerations 
than  on  scientific  population  estimates. 
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Figure  1.  Abalone  landings  in  the  central  zone  of  the  Baja  California 
Peninsula. 


However,  as  the  fishery  yields  declined,  the  need  for  technical 
information  on  the  status  of  the  populations  became  a  priority. 
Fishers"  organizations  developed  important  technical  capability 
and  strong  collaboration  between  organizations,  and  authority  was 
established  towards  a  scientific  assessment  of  the  abalone  popu- 
lations. 

Since  1989.  TACCs  estimates  have  been  based  on  annual  popu- 
lation censuses  and  structure  in  each  fishing  area.  Censuses  are  a 
joint  effort  between  fishers'  organizations  and  the  Instituto  Nacio- 
nal  de  la  Pesca  (INP).  INP  is  the  Mexican  federal  agency  respon- 
sible for  stock  assessment  for  fishery  management.  From  1 989  to 
1994,  the  main  condition  for  TACC  estimations  was  that  quotas 
should  not  exceed  25%  of  the  fishery  biomass  (i.e..  organisms  at  or 
larger  than  the  minimum  legal  size  I.  The  basic  assumption  behind 
this  criterion  was  that  the  remaining  75%  of  the  population  was 
large  enough  to  assure  recruitment,  at  least  equal  to  the  extracted 
fraction,  thus  allowing  a  sustained  or  even  an  increasing  biomass. 

In  1989  to  1990  and  1990  to  1991  the  TACCs  were  given 
directly  as  biomass  (i.e.  total  weight).  Fishers'  organizations  sug- 
gested, and  obtained  agreement,  that  quotas  should  be  started  in 
terms  of  the  total  numbers  of  abalones.  These  organizations  be- 
lieved that  this  would  encourage  the  extraction  of  larger  individu- 
als rather  than  smaller  ones.  In  fact,  this  resulted  in  an  increase  in 
the  average  size  of  abalone  harvested  above  the  minimum  legal 
size  (up  to  8  mm  in  some  fishing  areas).  Because  this  result  was 
considered  desirable  from  a  fisheries  perspective,  quotas  were 
given  in  numbers  of  organisms  from  1992  to  1994. 

TACC  criteria  were  changed  again  in  the  1995  to  1996  fishing 
season  in  response  to  the  decreased  catches  since  the  early  1990s. 
In  1995,  the  primary  goal  was  to  maintain  extraction  below  re- 
cruitment levels.  Thus,  the  strategy  was  to  keep  the  TACC  less 
than  the  number  of  prerecruils.  In  1995,  prerecruits  were  animals 
smaller  than  10  mm  for  green  and  5  mm  for  pink  abalone.  How- 
ever, recent  data  have  demonstrated  that  the  annual  average  growth 
of  these  organisms  is  much  greater.  In  addition,  it  was  agreed  that, 
regardless  of  these  criteria.  TACC  was  not  to  exceed  25%  of  the 
number  of  legal  size  and  larger  individuals. 

For  the  1996  to  1997  fishing  season.  TACCs  were  estimated 
under  a  totally  new  approach.  This  new  approach  used  the  appli- 
cation of  state-of-the-art  fishery  models  as  managemenl  tools,  and 
in  particular  the  dynamic  biomass  model  of  Hilborn  and  Wallers 


( 1992).  To  have  the  new  approach  accepted,  the  INP  conducted  a 
series  of  workshops  with  fishers"  organizations  and  independent 
research  institutions.  These  workshops  concluded  that  the  model, 
as  originally  formulated,  was  unable  to  describe  the  abalone  fish- 
ery properly  because  of  the  effects  of  climate  variability  on  aba- 
lone abundance  (LIuch-Belda  et  al.  in  press). 

A  modified  version  of  the  Hilborn  and  Walters  (1992)  model 
was  applied.  This  attempted  to  incorporate  the  effect  of  climate 
variation  on  population  growth  by  using  sea  surface  temperature 
anomalies  as  coefficients  affecting  population  growth  rate  (r).  with 
negative  (positive)  sea  surface  temperature  (SST)  anomalies  in- 
creasing (decreasing)  r.  The  model  was  fitted  using  Bayesian  es- 
timations, and  different  catch  level  scenarios  were  tested  using  risk 
analysis.  Selected  TACCs  were  those  resulting  in  projected  bio- 
mass equal  to  current  levels. 

TACC-based  management  for  the  Mexican  abalone  fishery  has 
not  been  reviewed  in  terms  of  yielding  the  desired  goal.  Such 
reviews  have  been  done  for  other  abalone  fisheries,  results  indicate 
that  TACCs  usually  are  not  based  on  systematic  stock  assessment, 
mainly  for  reasons  of  cost  (Shepherd  1992).  In  the  present  paper, 
we  attempt  a  similar  review  of  the  advantages  and  disadvantages 
of  the  different  criteria  that  have  been  either  used  or  proposed  for 
estimating  TACCs  within  the  Mexican  abalone  fishery. 

DATA  AND  METHODS 

We  qualitatively  analyzed  the  historic  TACC  criteria  effects  on 
abundance,  as  inferred  from  trends  on  catch  and  catch-per-unit- 
effort  (CPUE)  for  all  the  central  zone  and  for  the  period  from  1956 
through  1995.  Despite  limitations  of  considering  CPUE  as  an  in- 
dex of  abundance,  harvesting  capabilities  have  remained  relatively 
unchanged  during  the  considered  period  (Leon-Carballo  and  Mu- 
cino-Di'az  1996),  so  it  is  safe  to  consider  that  significant  CPUE 
changes  are  caused  by  variations  in  abundance. 

We  quantitatively  compared  TACC  estimates  by  different 
methods,  using  catch  and  census  size  composition  data  for  the 
period  1995  to  1997  for  one  cooperative  considering  three  fishing 
areas  from  Isia  Natividad,  BCS  (see  Fig.  2).  All  data  were  provided 
by  the  Federacion  de  Cooperiativas  de  Baja  California. 

Estimates  of  TACC  for  the  1997  fishing  season  were  attempted 
for  the  three  selected  areas  under  the  following  considerations:  ( 1 ) 
a  quota  equal  10  25%  of  the  available  biomass  during  1996  (similar 
to  thai  considered  during  the  1989  through  1995  period);  (2)  a 
quota  given  by  the  prerecruitment  index  during  the  previous  year; 
and  (3)  an  approach  using  the  total  allowable  catch  (TAC)  for  each 
area  and  species,  estimated  during  the  1997  fishing  season.  These 

TABLE  1. 
Criteria  used  for  TACC  deflnition  in  Mexican  abalone  fisherv. 


Criteria 


Period 


Evaluation  meetings  (i.e..  direct  negotiations) 
25%  of  available  biomass  quota 

in  biomass 
25%  of  available  biomass  quota  in 

biomass  and  number 
Prerecruilmenl  index,  less  than 

.^0%  of  legal  size 
Modified  H  &  W''  model  leveled  biomass 


197,^-1988 

1989-1992 

199.V1994 

194.S 
1 996 


'  H  &  W  =  Hilborn  and  Walters  1992. 
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Figure  2.  Study  area. 


estimates  were  based  on  the  results  from  the  Hilbom  and  Walters 
(1992)  model  needed  to  maintain  the  biomass  level.  Although  all 
other  TACC  estimates  are  presented  as  biomass  and  numbers,  in 
this  analysis,  only  biomass  TACCs  are  available. 

Besides  e.xploring  those  criteria  already  in  use.  we  tested  an 
alternative  approach  for  T.-^CC  computation  for  the  same  areas  and 
species  using  the  following  expression  (Sinclair  1993): 

TACC  =  |[W,*N,*{1  -e-^)*F,]/Z,) 

where:  ,:  size:  W,:  weight  at  size  i;  N,:  population  number  at  size 
i;  Z:  instantaneous  rate  of  natural  mortality;  and  F,:  instantaneous 
rate  of  fishing  mortality  at  size  i. 

To  use  this  expression,  we  estimated  the  von  Bertalanffy  (1938) 
growth  equation  parameters  for  green  and  pink  abalone.  Also, 
length-weight  relations  were  determined  for  each  area  and  species. 
Total  and  fishing  mortality  rates  were  estimated  as  described  by 
Pauly  (1983).  F,  values  were  estimated  from  \irtual  population 
analysis  (VPA.  Jones  1984). 
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Figure  3.  Catch-per-unit-effort  in  the  central  zone  of  the  Baja  Cali- 
fornia Peninsula. 


T,\BLE  2. 

Yearly  proportion  of  available  biomass  allocated  to  total  TACC  in 
the  central  /one  of  the  Baja  California  Peninsula. 


Fishing 

9t  of  Available 

Season 

Biomass 

1989-1990 

25.02 

1990-1991 

25.09 

1991-1992 

24.77 

1992-1993 

25.11 

1993-1994 

25.19 

1994-1995 

24.76 

RESULTS 

Figure  3  presents  the  CPUE  series  for  the  central  zone  since 
1973.  when  TACC  management  was  initiated.  Table  2  presents  the 
percentages  of  available  biomass  of  individuals  at  or  above  the 
minimum  legal  size  set  as  total  TACC  for  the  entire  tlshery  from 
1989  to  1994  (259c  criteria.  Table  1). 

The  von  Bertalanffy  growth  equation  parameters  and  the  natu- 
ral and  total  mortality  rates  for  each  species  are  summarized  in 
Table  3.  Table  4  shows  an  example  of  the  computations  of  TACCs 
using  the  Sinclair  (1993)  expression  for  only  green  abalone  and 
fishing  area  A.  Finally.  Table  5  includes  all  TACC  estimates  for 
each  area  and  species  for  the  1997  fishing  season. 

DISCUSSION 

Figure  3  shows  that  the  period  from  1973  to  1988.  when 
TACCs  were  decided  during  evaluation  meetings,  was  one  of  high 
variability  of  fishery  yields.  CPUEs  were  stable  from  1973  to 
1977.  after  1977.  values  dropped  to  their  minimum  during  1982. 
The  lowest  levels  coincided  with  El  Nino  of  1982  to  1983.  El  Nino 
had  a  major  adverse  effect  on  giant  kelp  beds  along  the  central 
zone;  however,  it  is  evident  that  CPUE  was  decreasing  several 
years  before  that  El  Nino  event  (Fig.  3). 

CPUE  progressively  increased  during  the  1980s  and  was  at  a 
high  level  when  TACC  criteria  changed  in  1989.  Despite  the  limi- 
tations of  assuming  CPUE  as  an  index  of  abundance,  catches  also 
increased  during  the  same  period  (Fig.  1).  However,  with  CPUE 
and  catch  trends  the  only  a\  ailable  data,  it  is  difficult  to  assess  how 
the  criteria  for  TACC  determination  caused  the  increase  in  yields. 

Despite  the  high  levels  of  CPUE  and  catch,  the  adaptative 
management  used  until  1988  was  considered  too  empirical,  so  in 
1989,  a  new  technically  based  TACC  approach  was  used.  For  this 
second  criterion.  TACCs  were  at  equal  to  25%  of  the  fishable 
biomass.  Table  2  presents  the  proportions  that  were  actually  ap- 

TABLE  3. 

Parameters  of  the  von  Bertalanffy  growth  equation,  total  and 

natural  mortality  estimated  as  described  by  Pauly  (1983)  for  green 

and  pink  abalone  at  Isia  Natividad. 


Variable 

G 

reen  .\balone 

Pink  Abalone 

L  inf. 

241.196 

196.469 

K 

0.227 

0.303 

to 

0.951 

0.789 

Z 

1.580 

1.380 

M 

0.570 

0.730 
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TABLE  4. 
Example  of  TAC  computation  of  green  abalone  in  area  "A.' 


TAG 

mm 

Wi 

Ni 

Fi 

Zi 

Kg 

n 

147 

0.213 

3.074 

0.000 

0.570 

0.00 

0 

152 

0.238 

6.148 

0.011 

0.581 

21.46 

9(1 

157 

0.266 

7.173 

0.037 

0.607 

87.43 

329 

162 

0.296 

13.321 

0.167 

0.737 

672.10 

2.270 

167 

0.328 

9  2''"' 

0.193 

0.763 

578.07 

1,760 

172 

0.363 

19.469 

0.538 

1.108 

2.587.15 

7.124 

177 

0.400 

15,370 

0.709 

1.279 

2,569.79 

6,418 

182 

0.440 

5,123 

1.354 

1.924 

1,195.93 

2,716 

187 

0.483 

8,197 

1.012 

1.582 

1,907.81 

3,951 

192 

0.528 

4,099 

3.188 

3.758 

1,383.98 

2,620 

197 

0.577 

3,074 

0.000 

0.570 

0.00 

0 

202 

0.628 

1,025 

0.750 

1.320 

275.60 

439 

Total 

n  95.295 

Total  TAC  11, 

279.32     27.717 

Percentage  of  total  biomass  29.08 

proved  by  the  federal  authorities.  The  criteria  were  strictly  en- 
forced, and  deviations  from  the  25%  reference  level  were,  conse- 
quently, very  small.  This  management  strategy  corresponded  to 
stable  CPUEs  and  catch  until  1992,  when  decreases  in  catch  and 
CPUE  took  place. 

Because  the  proportion  of  extracted  biomass  remained  rela- 
tively constant,  and  this  proportion  initially  allowed  the  sustained 
yields  observed  up  to  1991,  some  factors  in  addition  to  fishing 
pressure  must  have  affected  abalone  abundance.  The  1992  to  1994 
declining  period  corresponded  to  an  extraordinary  warm  period.  It 
was  the  first  time  every  recorded  that  warm  water  conditions  per- 
sisted for  such  a  prolonged  time.  Therefore,  it  seems  reasonable  to 
suggest  that  under  these  adverse  conditions,  TACCs  based  on  a 
fixed  criteria  (25%  of  fishable  biomass)  are  too  high  to  support 
recruitment  rates  sufficient  to  replace  the  extracted  biomass.  It  is 
not  clear  if  this  change  in  quota  definition  from  biomass  to  num- 
bers in  1991  played  any  role  in  setting  TACCs  too  high.  At  this 
point,  it  is  very  clear  that  further  research  is  needed  to  understand 


and  evaluate  the  impact  of  TACC  and  weather  on  the  population 
biology. 

An  attempt  to  reverse  this  situation  was  made  in  1995.  That 
year  TACCs  were  defined  on  the  basis  of  the  estimates  of  present- 
year  recruitment;  the  number  of  legal-size  abalones  entering  the 
fishery  size  class  during  that  season.  In  general,  these  criteria 
resulted  in  lower  TACCs,  because  estimations  of  recruits  varied 
from  8  to  25%  for  the  more  important  green  abalone.  The  TACC 
was  set  at  30%  of  the  fishable  biomass  for  pink  abalone,  because 
recruit  estimations  were  generally  in  excess  of  the  38%  value. 

The  reduction  in  TACCs  enabled  some  increase  in  CPUE  dur- 
ing 1995,  although  catch  still  decreased.  However,  the  criteria 
resulted  in  a  significative  increase  in  available  biomass  for  1996 
(Fig.  3). 

At  present,  it  is  difficult  to  make  recommendations  regarding 
the  use  of  any  particular  TACC  criteria.  Results  of  the  comparative 
analysis  (Table  5).  clearly  show  that  different  criteria  result  in 
different  TACC  estimates.  Pink  abalone  total  biomass  was  esti- 
mated as  nearly  6,000  kg  by  the  Hilborn  and  Walters  (1992) 
model;  whereas,  the  Sinclair  (1993)  equation  resulted  in  an  esti- 
mate in  excess  of  20,000  kg.  Moreover,  differences  were  greater 
when  specific  areas  were  evaluated  (five  times  greater  for  green 
abalone  in  area  A). 

However,  some  general  trends  might  be  inferred  from  the  re- 
sults (Table  5).  First  criteria  can  be  divided  into  two  groups  re- 
garding TACCs  estimated;  the  first  group  includes  the  fixed  25% 
and  the  Sinclair  equation  results,  and  the  second  the  recruitment- 
based  and  the  Hilborn  and  Walters  (1992)  model.  However,  the 
estimates  from  the  first  group  are  much  higher  than  those  of  the 
second.  At  this  point,  we  do  not  have  enough  evidence  to  decide 
which  group  drives  more  accurate  TACCs. 

CONCLUSIONS 

It  is  clear  that  TACC-based  regulation  is  far  from  perfect.  At 
least  regarding  the  Mexican  abalone  fishery,  il  is  clear  that  quota 
definition  is  at  present  the  most  useful  management  tool  available. 
It  is  important  to  improve  TACC  criteria  to  reduce  the  uncertainty 
caused  by  different  criteria  yielding  different  results. 

In  particular,  useful  information  may  come  from  the  evaluation 
of  which  of  the  two  groups  provides  TACC  estimates  enabling 


TABLE  5. 
Comparison  of  all  triteria  used  in  TACC  definition  for  the  1996-1997  fishing  sea.son  at  Isia  Natividad. 


Kilograms 

Number 

E  Fixed 

Pre  recruitment 

H  &  VV 

Sinclair'' 

E  Fixed 

Prcrecruitment 

H  &  W 

Sinclair" 

25% 

Index 

Model 

Equation 

25% 

Index 

Model 

Equation 

Green  abalone 

Zone  A 

8,799 

1.796 

3,362 

11,279 

23,824 

4,862 

— 

27,717 

Zone  B 

4,662 

2,105 

1,789 

5,597 

13,310 

6,011 

— 

13,302 

Zone  C 

16.850 

6.973 

6,909 

16,528 

52,650 

21,788 

— 

43.260 

TACC 

30,311 

10.874 

1 2,060 

33,404 

89,784 

32,661 

— 

84.279 

Pink  abalone 

Zone  A 

4,412 

2.681 

1 ,364 

5.363 

18,751 

11,393 

— 

20,319 

Zone  B 

1,740 

1 ,099 

680 

9ftS 

7,744 

4,891 

— 

3,776 

Zone  C 

12.603 

S.ISO 

3,949 

13.785 

,56.193 

.14.143 

— 

52.501 

TACC 

18,755 

1 1 ,960 

5,993 

20,116 

82,688 

.50.427 

— 

76,596 

"Hilborn  and  Walters  1992. 
"Sinclair  1993. 
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high  and  sustainable  yields.  This  is  not  an  easy  task,  because 
population  size  may  be  atfeeted  greatly  by  climate.  Conservative 
estimates,  from  recruitment-based  TACCs  and  the  Hilborn  and 
Walters  (1992)  model,  may  prove  prudent  because  of  the  elTecIs  of 
El  Nifio  and  associated  warm  water  e\  ents.  Higher  estimates  under 
the  fi.xed  25'^  criteria  and  the  Sinclair  ( 1993)  equation  may  allow 
more  income  to  the  fishers  whenever  favorable  environinental 
conditions  occur.  Cunenil\ .  the  \ery  strong  El  Nifio  is  having  wide 
and  negati\e  effects  on  Mexican  abalone  populations.  Damage  to 
kelp  beds  ha\e  probabh  resulted  in  food  limitations  for  adults; 
some  abalone  are  weak  and  easily  remosed  from  the  bottom  rocks 


by  surf.  No  evaluations  of  the  effects  of  the  El  Nino  on  larvae  and 
juveniles  have  been  conducted;  however,  spawning  was  observed 
2-.^  months  earlier  than  usual.  Because  negative  impacts  are  un- 
avoidable, every  effect  should  be  made  to  evaluate  these  effects 
and  Incorporate  the  findings  into  new,  more  flexible  criteria  for 
TACC  estimation. 

ACKNOWLEDGMENT 

We  thank  E.  Glazier  for  editing  the  English  language  manu- 
script. Project  SlMAC97-()  106020  provided  partial  funding. 


LITERATURE  CITED 


Doi.  T..  S.  A.  Gu/maii  del  Priio.  M.  Ortiz  Q.,  J.  Camacho  &  A.  T.  Muiioz 
L.  1977.  .^nalisis  de  la  poblacion  y  diagnostico  de  la  pesqueria  de 
abuliin  amarillo  {Halioiis  cormgata)  en  el  area  de  Punta  Abreojos  e  Isla 
Cedros.  BC.  SEPESCA/INP  SC  18:17  pp. 

Guzman  del  Proo.  S.  A.  1992.  A  review  of  the  biology  of  abalone  and  its 
fishery  in  Mexico,  pp.  341-360.  In  Shepherd,  S.  A.,  Tegner,  M.  J.,  and 
S.  A.  Guzman  del  Proo  (eds.).  Abalone  of  the  World.  Biology,  Fish- 
eries and  Culture.  Proceedings  of  the  1st  International  Symposium  on 
■Abalone.  Fishing  News  Books.  Oxford.  London.  608  pp. 

Guzman  del  Proo,  S.  .A.  1994.  Biologia,  ecologia,  y  dinamica  de  poblacion 
del  abulon  {Haliotis  spp.)  de  Baja  California,  Mexico.  Tesis  Doctoral 
IPN/Esc.  Nal.  Cienc.  Biologicas. 

Hilbom.  R.  &  C.  J.  Walters.  1992.  Quantitative  fisheries  stock  assessment: 
choice,  dynamic  and  uncertainly.  Chapman  &  Hall.  New  York.  560  pp. 

INEGI.  1991.  Baja  California  Sur,  resultados  definitives  tabulados  basicos 
XI  Censo  General  de  Poblacion  y  Viviena,  1990.  Publ.  Instituto  Na- 
cional  de  Estadistica,  Geografica  e  Informatica,  Ags.,  Mexico.  1.58  pp. 

Jones.  R.  1984.  Assessing  the  effects  of  changes  in  exploitation  pattern 
using  length  composition  data  (with  notes  on  VPA  and  cohort  analysis). 
FAO  Tech.  Paper  256.  1  IS  pp. 

Leon-Carballo,  G.  &  M.  Muciiio-Diaz.  1996.  Pesqueria  de  abulon.  In:  540 
pp.  M.  Casas-Valdez  and  G.  Ponce-Di'az  (eds.).  Estudio  del  Potencial 
Pesquero  y  Acui'cola  de  Baja  Cahfomia  Sur.  CIBNOR.  S.C.  Mexico. 

Lluch-Belda,  D..  A.  Vega- Velazquez,  J.  Polovina,  M.  Ramade-Villanueva, 


S.  A.  Guzman-del  Proo.  S.  E.  Lluch-Cota,  D.  B.  Lluch-Cota.  S.  Her- 
nandez-Vazquez &  G.  Ponce-Diaz.  In  press.  Climate-induced  abun- 
dance change  in  the  Baja  California  multispecies  abalone  fishery. 

Ortega-Rubio,  A.,  A.  Castellanos-Vera  &  D.  B.  Lluch-Cota.  In  press.  Sus- 
tainable development  in  a  Mexican  biosphere  reserve:  sah  production 
in  Vizcaino.  Baja  California.  Nat.  Areas  J. 

Pauly,  D.  1983.  Length-converted  catch  curves.  A  powerful  tool  for  fish- 
eries research  in  the  tropics.  ICLARM  Fishbyte  1:9-13. 

Prince,  J.  D.  &  S.  A.  Guzman  del  Proo.  1993.  A  stock  reduction  analysis  of 
the  Mexican  abalone  (Haliotid)  fishery.  Fish.  Res.  16:25-49. 

Secretaria  de  Pesca.  1992.  Ley  de  Pesca.  Diario  Oficial  de  la  Federacion 
del  25  de  junio  de  1992. 

Shepherd.  S.  1992.  Managing  worid  abalone  fisheries.  Newsl.  Aust.  Soc. 
Fish.  Biol.  22:52. 

Sinclair,  A.  F.  1993.  Partial  recruitment  considerations  in  setting  catch 
quotas.  Can.  J.  Fish,  .\quui.  Sci,  50:734-742. 

Vega,  A.,  D.  Lluch-Belda,  M.  Mucino,  G.  Leon,  S.  Hernandez,  D.  Lluch- 
Cota,  M.  Ramade  &  G.  Espinoza.  1997.  Development,  perspective,  and 
management  of  lobster  and  abalone  fisheries  off  Northwest  Mexico, 
under  a  limited  access  system.  Proceedings  of  the  2nd  World  Fisheries 
Congress.  Brisbane,  Australia.  28  July  to  2  August,  1996. 

von  Bertalanffy,  L.  1938.  A  quantitative  theory  of  organic  growth.  Hum. 
Biol.  10:181-213. 


Journal  of  ShfllfiJi  Rfscunli,  Vol.  17.  No.  3.  853-857.  1998. 
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ABSTRACT  This  work  describes  the  current  characteristics  of  the  abalone  fishery  along  the  peninsula  of  Baja  California.  Mexico 
from  a  social  and  economic  point  of  view.  The  species  Haliolis  fulgens  and  H.  corrugata  are  the  principal  products  of  this  fisher)'. 
Dunng  1996,  the  abalone  fishery'  had  a  total  production  of  about  400  t  (meat  weight).  The  value  of  this  production  has  been  estimated 
to  be  36  million  dollars  (US),  considering  the  price  of  the  end  product  is  US  $2,200.00  per  box  of  48  cans.  This  resource  has  been 
placed  third  in  imponance  of  export  for  Mexico,  because  the  price  has  increased  substantially  in  recent  years.  In  this  paper,  incomes 
and  estimates  of  production  costs  for  all  aspects  of  the  fishery  within  the  Central  zone  of  Baja  California  are  given.  The  direct 
employment  in  the  industry  is  about  450  employed  in  the  catch  phase  and  350  at  the  processing  plant.  Along  the  central  west  coast 
of  the  Baja  Peninsula,  there  are  nine  fishing  cooperatives  and  150  abalone  fishing  boats.  In  each  are  a  diver,  a  boat  captain,  and  an  air 
handler.  Each  boat  is  22-ft  long,  with  a  55-HP  motor  and  "Hookah"  diving  gear  and  compressor.  Eight  plants  process  the  catch. 

KEY  WORDS:     socioeconomics  of  abalone  fishery,  value  of  abalone 


INTRODUCTION 

Rarely  are  the  economics  and  social  aspects  of  fisheries  con- 
sidered in  fishery  analyses.  However,  such  information  is  very 
important  for  a  comprehensive  evaluation  of  the  fishery  charac- 
teristics, the  behavior  of  fishers,  and  insight  into  the  effectiveness 
of  current  management. 

Despite  the  high  price  and  demand  for  abalone.  there  is  little 
information  relating  these  to  the  fishery.  In  Mexico,  a  few  authors 
have  (partially)  addressed  these  issues  (Instituto  Nacional  de  Pesca 
1980.  Mateus  1985.  Ortiz  and  Leon  1988,  Ortiz  et  al.  1992,  Guz- 
man del  Proo  1992.  Leon  and  Muciiio  1996).  They  point  out  the 
importance  of  the  abalone  fishery  to  many  small  towns  in  western 
Baja  California  and  report  on  landing  records  and  estimation  of 
abalone  revenues.  Vega  et  al.  (1997)  describe  the  role  of  limited 
access  in  the  development  and  management  of  the  abalone  and 
lobster  fisheries  along  the  Baja  California  peninsula,  which  pro- 
vide the  main  support,  origin,  and  development  of  many  fishing 
villages. 

With  respect  to  similar  fisheries,  there  is  little  information  on 
this  matter.  For  the  California  fishery.  Tegner  et  al.  ( 1992)  ana- 
lyzed the  relation  between  abalone  price  and  the  consumer  price 
index  from  1973  to  1988.  Fariinger  and  Cambeli  (1992)  reported 
on  variation  of  abalone  price,  diver's  rent,  and  total  value  of  land- 
ings between  1986  to  1988  for  Haliolis  kamtschatkana  in  Canada. 
Schiel  (1992)  analyzed  the  individual  transferable  quota  systems 
for  the  abalone  fishery  in  New  Zealand  and  gave  the  total  value  of 
this  fishery.  Because  more  information  is  needed  for  the  Mexican 
abalone  fishery,  in  this  paper  we  consider  the  social,  legal,  and 
economic  issues. 

APPROACH 

Social  aspects,  including  population  statistics,  were  obtained 
from  the  National  Branch  of  Statistics  and  Geography.  The  infor- 


mation on  the  legal  framework  is  based  on  three  legislative  aspects 
of  the  Mexican  Federal  government  that  regulate  activities  on  fish- 
eries, environment,  and  organization  of  cooperatives  (social  orga- 
nizations of  fishers). 

The  economic  information  was  provided  by  surveys  of  the 
producers,  including  managers  and  fishers.  The  data  requested 
were  the  following:  number  of  members  per  cooperative;  income 
distribution  within  the  crew:  price  trends;  number  of  boxes  of 
canned  abalone  produced;  production  costs  of  harvesting,  process- 
ing, marketing;  and  costs  of  surveillance  and  management. 

The  seafood  industry  in  the  central  zone  of  the  Baja  California 
Peninsula  has  eight  plants  that  process  abalone,  among  other  kinds 
of  catch.  Two  are  in  Bahi'a  Tortugas,  one  on  Isia  Natividad,  one  on 
Isia  de  Cedros,  two  in  Bahi'a  Asuncion,  one  in  La  Bocana.  and  one 
at  Punta  Abreojos.  They  employ  a  significant  portion  of  the  re- 
gional population,  about  350  people.  These  facilities  generally 
have  many  years  of  life  left,  except  for  a  few  that  are  now  very  old. 
However,  all  the  plants,  such  as  the  modem  plant  on  Isia  Nativ- 
idad. are  adapting  the  Analytical  Hazard  Critical  Control  Point 
procedures. 


PRINCIPAL  FINDINGS 


Social  Elements 


Populations  and  Communities  Formed  to  Harvest  and 
Market  Abalone 

The  fishing  activity  that  developed  for  lobster  and  abalone  from 
mid- 1900s  on  the  western  coast  of  the  Baja  California  Peninsula 
was  responsible  for  establishing  villages  in  the  region.  Among  the 
larger  villages  developed  on  this  basis  are  Isia  Cedros,  Punta  Eu- 
genia. Bahi'a  Tortugas.  Isla  Natividad.  Bahia  Asuncion.  Punta  Pri- 
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eta,  Punta  Abreojos,  and  La  Bocana.  which  in  total  now  have  a 
population  of  almost  10,000  people. 

The  geographical  location  of  these  fishing  villages  is  shown  in 
Figure  1.  Those  considered  here  are  in  the  central  zone  of  the  Baja 
California  Peninsula.  The  inhabitants  of  these  places  depend  al- 
most totally  on  the  abalone  and  lobster  fisheries  (Table  1 ).  Infra- 
structure of  the  villages  is  limited  for  various  reasons,  among  them 
distance  to  other  population  centers,  difficult  access  to  these  sites, 
and  limited  investment  in  this  zone  by  state  and  federal  govern- 
ments. 

Organizatiun  to  Produce 

The  abalone  resource  in  Mexico  has  been  developed  by  groups 
of  fishers  constituted  into  fishing  cooperative  societies  to  whom 
the  Mexican  government  has  granted  the  right  to  catch  the  reserved 
species  since  1938.  Since  1992,  they  have  been  governed  by  a 
revised  plan  of  fishing  concessions  and  permits. 

Approximately  85-90%  of  abalone  harvested  in  Mexico  are 
landed  in  the  central  region  of  the  Baja  California  Peninsula.  In 
this  zone,  there  are  nine  fishing  cooperatives  that  fish  the  abalone 
resource.  These  are:  S.C.P.P.  Pescadores  Nacionales  de  Abulon. 
Buzos  y  Pescadores,  La  Purisima,  Bahi'a  Tortugas,  Emancipacion. 
California  de  San  Ignacio,  Leyes  de  Reforma,  Progreso,  and  Punta 
Abreojos.  The  number  of  associates  that  participate  in  each  of 
these  cooperatives  (Table  2)  total  1,305  people.  Of  these  associ- 
ates, some  work  on  abalone,  others  lobster,  some  on  minor  re- 
sources (e.g.,  snails)  and  some  in  the  administration  of  the  society. 
Some  are  devoted  to  labor  directly  related  to  the  fishing,  process- 
ing, and  marketing  of  abalone. 

Legal  Elements 

Law  of  Cooperative  Associations 

In  recent  years,  the  legal  framework  under  which  the  activities 
of  the  cooperative  societies  in  Mexico  are  regulated  has  been 
modified.  The  object  of  making  this  change  in  the  original  law  of 


TABLE  L 

Fishing  villages  in  the  central  zone  of  the  Baja  California 
Peninsula.  Mexico 


Village 


Population 


Isla  tie  Cedros 
Punta  Eugenia 
Bahia  Tortugas 
Isla  Natividad 
Bahi'a  Asuncion 
Punta  Prieta 
Punta  Abreojos 
La  Bcicana 
Malarrimo 
Puerto  Nuevo 
San  Pablo 
San  Roque 
San  HipLillto 
Total 


2,696 

136 

2,679 

397 

1,381 

189 

808 

1,084 

15 

113 

22 

17 

107 

9,644 


Figure  1.  (Geographic  location  of  the  central  /.one  of  the  Baja  Califor- 
nia Peninsula,  .VIe.vico. 


1938  was  to  modernize  this  framework,  because  the  law  did  not 
reflect  what,  in  reality,  was  happening.  For  this  reason,  the  gov- 
ernment wanted  to  modernize  the  constitution  and  administration 
of  the  cooperative  societies  and  to  help  these  organizations  have 
greater  entrepreneurial  capacity,  as  occurs  in  other  countries,  with- 
out losing  their  identity  in  the  collective  effort. 

However  this  modernization  means  losing  government  subsi- 
dies. This  situation  causes  financial  problems,  because  the  coop- 
eratives must  spend  their  money  on  such  social  services  as  elec- 
tricity, medical  insurance,  road  maintenance,  surveillance,  and 
fresh  water. 

Federal  Fishing  Law 

During  1992.  in  the  wake  of  a  process  of  modernizing  the  legal 
framework,  the  federal  fishing  law  was  modified.  The  goal  was  to 
strengthen  the  rational  management  of  the  fishing  resources  of  the 
country  and  to  promote  responsible  fishing.  In  addition,  the  law 
was  designed  to  be  simple  and  clear,  to  offer  certainty  to  investors, 
and  to  permit  the  productive  sectors  to  plan  for  the  long  term.  This 
modified  legislation  had  a  new  regulation  for  the  cooperatives  for 
fishing  abalone  and  other  resources.  This  regulation  forms  a  con- 
cession that  confers  fishing  rights  for  20  years  and  is  renewable. 

General  Law  of  the  Environment  and  the  Ecological  Equilibrium 

In  relation  to  the  environmental  law.  we  can  look  again  at  the 
principal  goals  in  terms  of  the  concerns  about  the  environment  and 
its  approach  to  work  on  a  social  basis  to  make  decisions  concern- 
ing the  use,  management,  and  conservation  of  natural  resources. 
That  implies  cncouragemcnl  of  the  co-management  strategies  for 
fishing  purposes. 

Economic  Component 

Abalone  Production 

The  abalone  fishery  has  been  and  continues  to  be  one  of  the 
most  important  activities  in  the  development  of  fishing  communi- 
ties in  a  region  of  huge  importance  for  the  country,  which  would 
be  practically  depopulated  without  it  (Lluch-Belda  et  al.  1997). 
Figure  2  shows  the  historical  landings  for  abalone  in  the  central 
zone  of  the  Baja  California  Peninsula,  observing  that  the  catch  of 
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TABLE  2. 
Pruductiuii  units  within  the  central  zone  of  the  Baja  California  Peninsula,  Mexico 


Cooperative  Association 


^ear  of  Origin 

Location 

No.  Members 

1942 

Isia  de  Cderos 

167 

1942 

Isia  Nalividad 

100 

1944 

Bahia  Tortugas 

139 

1944 

Bahia  Tortugas 

99 

1939 

Bahi'a  Tortugas 

97 

1936 

Bahi'a  Asuncion 

1% 

1974 

Bahia  Asuncion 

1% 

1944 

La  Bocana 

127 

1943 

Punta  Abreojos 

184 
1 .305 

No.  Fishing  Boats 


Pesc.  Nal.  de  Abukin 

Buzos  y  Pescadores 

La  Puri'sinia 

Bahia  Tortugas 

Emancipaci6n 

California  de  San  Ignacio 

Leyes  de  Ret'ornia 

Progreso 

Punta  Abreojos 

Total 


22 
16 
11 
15 

22 
20 
12 
25 
10 
1.53 


abalone  reached  almost  3.000  t  annually  at  the  end  of  the  1960s, 
reducing  drastically  by  the  mid- 1970s  to  levels  of  only  500 1  annually. 

Apparently,  the  optimal  le\els  of  fishing  (maximum  sustainable 
yields)  had  been  reached  dunng  the  early  1960s,  following  expan- 
sion that  supported  high  levels  of  harvest  during  several  seasons. 
During  the  second  half  of  the  1970s,  the  catch  declined  dramati- 
cally to  historic  minimums  in  1983  to  1984  (Guzman  del  Proo 
1994)  and  again  in  1995  to  1996.  These  collapses  were  attributed 
mainly  to  high  fishing  of  the  resource  and,  recently,  to  the  com- 
bined effect  of  the  level  of  effort,  deficiencies  in  management,  and. 
in  a  very  important  way.  to  broad-scale  environmental  changes, 
according  to  LIuch-Bclda  et  al..  (1997). 

Currently  the  fishery  remains  a  highly  profitable  activity,  be- 
cause of  the  high  value  of  the  product,  but  the  catch  levels  are  very 
low  as  compared  to  the  levels  of  the  1960s  and  first  half  of  the 
1970s.  The  deficiencies  that  the  combination  of  management  mea- 
sures traditionally  ha\e  demonstrated  call  for  adoption  of  multi- 
disciplinary  approaches  (Vega  et  al.  1997)  to  permit  the  adminis- 
tration of  the  fishery  concerning  such  matters  as  adjustable  fishing 
and  timely  knowledge  of  changing  environmental  factors  (LIuch 
Beldaet  al.  1997). 

Value  of  Production 

Income  from  Fishing 

Use  of  the  abalone  resource  involves  several  stages.  The  first  is 
harvesting,  in  which  a  diver,  a  boat  captain,  and  an  air  handler 
participate.  These  workers  have  become  specialists.  According  to 


the  internal  organization  developed  by  the  fishing  cooperative  so- 
cieties, the  diver  receives  50%  of  the  value  of  abalone  captured, 
the  boat  captain  25%.  and  the  airhandler  25%.  on  average. 

Price  of  the  Final  Product 

Abalone  are  shucked,  trimmed,  and  canned.  Canning  is  the 
standard  final  product  form  of  abalone.  The  market  destination  is 
expon.  The  cans  are  450  g  total  weight  and  254  g  drained  weight. 
Estimates  of  the  price  of  a  box  of  48  cans  of  abalone  during 
different  fishing  seasons  have  been  made.  From  these,  we  see  an 
accelerated  increase  in  recent  years  in  the  price  of  the  canned 
abalone.  up  to  $2,200  US  per  box  of  48  cans  (Fig.  3). 

Total  Income  of  the  Fishery 

The  revenue  for  the  fishery  has  been  high,  because  of  a  sub- 
stantial increase  in  price  paid  for  abalone  in  the  last  10  years.  From 
the  yield  (cans)  obtained  from  a  ton  of  abalone  and  the  selling 
price  of  a  case  of  48  cans  in  the  1966  season,  it  has  been  estimated 
that  the  total  revenue  of  the  Mexican  abalone  fishery  is  approxi- 
mately, in  current  prices.  $36,000,000  US  (Fig.  4). 


Costs 


Production  Costs  (Catch,  Processing,  and  Marketing) 

For  determination  of  the  different  production  costs  of  coopera- 
tives (direct  costs),  a  survey  among  the  producers  showed  these  as 
average  percentages  of  the  main  costs  (Fig.  5).  Production  costs 
are  composed  of  the  following. 


1967  1970  1973  1976  1979  1982  1985  1988  1991  1994  1997 

Year 
Figure  2.  Abalone  landings  in  the  central  zone  of  Baja  California  Peninsula,  Mexico. 
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1983    1985   1987    1989   1991    1993   1995   1997 

Year 
Figure  3.  Abalone  prices  in  the  central  zone  of  Baja  California  Peninsula,  Mexico 


(1)  Hanesting,  These  costs  are  those  of  the  fishing  phase  of 
the  abalone.  On  average,  this  cost  is  67.96%  of  total  pro- 
duction costs  in  the  central  zone  of  the  Baja  California 
Peninsula. 

(2)  Processing. — costs  associated  with  the  transformation 
phase  of  the  product.  Canning  is  done  exclusively,  because 
this  is  the  basic  form  for  the  e.\port  market.  It  was  23.00%. 

(3)  Research  and  managing  costs  (stock  assessment,  techni- 
cian staff,  etc.).  Because  in  recent  years,  this  fishery  has 
been  administered  under  a  quota  system,  it  has  needed  an 
annual  evaluation  of  the  wild  stock  to  be  captured  from  the 
abalone  banks  in  the  future.  Abalone  beds  are  assigned  to 
specific  cooperative  societies.  Organizations  making  these 
surveys  generally  rely  on  technical  personnel  who  make 
the  evaluations  and  other  fishing  analyses  together  with  the 
staff  of  the  National  Fishing  Institute,  whom  provide  tech- 
nical advice  to  the  Office  of  Fisheries  Management. 

Technical  participation  of  the  producers  has  a  determined  cost 
and  that,  according  to  a  survey  made  among  the  cooperatives  of  the 
central  zone  of  the  Baja  California  Peninsula,  is  of  the  order  of 
3.87%  of  the  total  cost,  considering  the  major  elements;  catch, 
processing,  research,  managing,  and  surveillance. 

Surveillance  Costs 

The  costs  incurred  in  surveillance  (5.17%)  are  those  economic 
resources  do  this  work  by  the  social  organizations.  These  tasks  are 


to  protect  all  the  natural  resources  under  concession.  It  is  well 
known  that  abalone  and  the  lobster  are  fisheries  that  experience 
major  problems  with  furtive  fishing  activities.  Poaching  of  abalone 
occurs  in  other  abalone  fisheries,  however  in  Mexico  fishing  rights 
obligated  the  Cooperatives  to  spend  more  money  on  surveillance 
activities. 

DISCUSSION 

The  abalone  fishery  in  Mexico  has  been  faced  with  problems  of 
resource  exploitation,  broad-scale  environmental  change,  new  regu- 
lations, and  increasing  independence  from  governmental  subsidy. 

Environmental  factors  has  been  recently  proposed  (Lluch- 
Belda  et  al.  1997)  as  elements  that  have  a  significant  impact  on 
dynamics  of  abalone  populations  in  Mexico.  The  impact  associated 
with  fishing  effort  has  been  proposed  as  a  cause  of  recent  declines 
in  the  Mexican  abalone  fishery.  This  has  gradually  limited  the 
income  of  the  people  that  depend  for  their  livelihoods  on  this 
resource  throughout  much  of  Baja  California. 

Illegal  fishing,  which  in  the  opinion  of  the  fishers,  has  grown 
significantly,  requires  that  each  year  more  must  be  spent  to  curtail 
it.  The  abalone  population  biomass  is  lowered  by  poaching,  and  if 
this  is  not  recognized  and  stopped,  a  drastic  decrease  in  legal  catch 
may  ensue. 

Along  with  the  catch  of  abalone  and  lobster  along  the  coast  of 
the  Baja  California  Peninsula,  is  the  need  to  adapt  alternative  plans 
for  fishing  for  finfish.  snails,  and  niacroalgae. 


1983   1985   1987   1989   1991    1993   1995   1997 

Year 
Fig.  4.  Abalone  income  in  the  central  zone  of  Baja  California  Peninsula,  Mexico. 
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a  Catch  costs  (67  96%) 
Charter  and  transportation 
Divers  and  crew 
Materials  and  equipment 

D  Processing  (23  oo%) 

Plant  costs  and  labor 
Cans  and  boxes 
Materials 

-  Stock  assessment 

(3.87%) 

Abalone  assessments 

Technicians 

Others 


Production  direct  costs  of  the  abalone  fishery 

within  the  central  zone  of  Baja  California  Peninsula  (%) 


67  96 


23.00 


°  Surveillance  (5.17%) 

Figure  5.  Production  costs  of  the  abalone  fistiery  In  the  central  zone  of  Baja  California  Peninsula,  Mexico. 


Because  the  abalone  fishery  is  in  difficulties,  it  will  be  neces- 
sary to  apply,  quickly,  programs  based  on  aquaculture.  The 
central  zone  of  the  Baja  California  Peninsula  offers  substantial 
opportunities  for  aquaculture  development.  These  efforts  should 
contribute  to  diversification  of  production  and  an  increase  in  over- 
all income. 

Restocking  is  now  in  progress  to  enhance  the  abalone  fishery. 
Its  usefulness  must  be  re-evaluated  and,  if  necessary,  should  be 
increased. 

The  abalone  fishery  in  Mexico  presently  has  low  landings.  This 
situation  does  not  imply  a  drop  in  income,  because  prices  have 
been  increasing  rapidly  in  recent  years.  In  other  places,  abalone 
fisheries  also  have  low  landings  (e.g..  California  and  South  Af- 
rica), but  circumstances  are  very  different  in  Mexico  in  terms  of 
fishery,  environmental,  social,  and  economical  conditions  to  gen- 


eralize a  single  reason  for  the  decline.  Thus,  management  must  be 
different  and  must  respond  to  the  specific  problems  of  specific 
areas. 
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ABSTRACT  An  e.xamination  of  poaching  pressure  on  red  ahalone  iHalioris  nifesceiis)  in  Northern  California,  based  on  anecdotal 
accounts,  courtroom  testimony,  newspaper  reports,  and  situation  assessments  by  resource  professionals  revealed  a  major  threat  to 
ahalone  resources  and  demonstrated  the  effectiveness  of  community  involvement  in  resource  management. 
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INTRODUCTION 

The  abalone  fishery  off  Central  and  Southern  California  is  in  a 
state  of  collapse.  A  harvesting  moratorium  has  been  in  effect  for 
black  abalone  {Haliotis  cracherodii)  since  August  1993.  Harvest- 
ing of  green  (H.  fiit>ens).  pink  {H.  corregata).  and  white  (W.  si>- 
renseni)  abalone  ceased  in  January  of  1996.  The  red  abalone  iH. 
riifescens)  fishery  was  placed  under  an  emergency  closure  in  May 
of  1997  following  a  full  season  when  less  than  87  metric  tons  were 
landed  conimercially  (K.  Karpov.  Associate  Marine  Biologist.  CA 
Dept.  of  Fish  and  Game.  Fort  Bragg,  9/28/97  pers.  tele.  comm.). 
The  situation  is  entirely  different  in  Northern  California,  where 
less  than  14%  of  the  state's  potential  abalone  habitat  yields  annual 
recreational  fishery  landings  of  red  abalone  estimated  to  exceed 
900  metric  tons  (Karpov  and  Haaker  1997).  The  northern  fishery 
flourishes  and.  assuming  no  major  environmental  changes.  Cali- 
fornia resource  managers  expect  that  current  harvest  levels  can  be 
sustained  indefinitely. 

The  stage  was  set  for  this  study  to  contrast  two  adjacent  fish- 
eries of  the  same  state  almost  50  years  ago  by  regulations  that  split 
California  at  San  Francisco.  Commercial  abalone  harvesting  in 
Northern  California  was  banned  in  1949.  and.  in  1952.  use  of 
SCUBA  gear  for  recreational  har\'esting  north  of  San  Francisco 
was  also  prohibited  (California  Department  of  Fish  and  Game 
1995).  Those  regulations  established  de  facto  reserves  in  waters 
too  deep  or  too  remote  for  most  recreational  breathhold  divers  to 
reach.  Estimated  to  encompass  as  much  as  40%  of  total  stocks 
(Karpov  and  Haaker  19971,  the  resulting  refuge  population  may 
well  be  responsible  for  replenishing  abalone  taken  from  more  ac- 
cessible waters. 

From  about  1971.  the  economic  value  of  abalone  landings  ap- 
proximately doubled  every  6  years  (Lundy  1997);  whereas,  the 
commercially  exploitable  Central  and  Southern  California  fisher- 
ies steadily  declined.  Before  the  May  1997  closure,  red  abalone 
were  worth  as  much  as  $50  apiece  at  the  dock  (California  Depart- 
ment of  Fish  and  Game  1995a).  In  Northern  California,  where  it  is 
easy  to  take  100  abalone  per  SCUBA  tank,  the  1-day.  tax-free 
earning  potential  of  an  unrestrained  poacher  easily  exceeds  S3.000. 
One  result  of  these  financial  incentives  is  that  abalone  poaching  in 
Northern  California  is  common  enough  to  be  seen  by  any  inter- 
ested observer.  Law  enforcement  officials  close  to  the  situation 
estimate  4.800  abalone  per  diveable  day  are  being  poached  from 
Northern  California  waters  iSacramentn  Bee  12/22-26/97). 

SPORT  VIOLATIONS 

The  most  obvious  poaching  in  Northern  California  consists  of 
recreational  harvesters  committing  violations  of  fish  and  game 


regulations  involving  undersized,  over  limit,  or  illegal  possession 
of  abalone  out-of-shell.  The  California  Department  of  Fish  and 
Game  periodically  sets  up  roadside  checkpoints.  United  States 
constitutional  law  requires  that  the  location  and  times  of  these 
checkpoints  be  advertised  in  advance  and  that  a  randomizing 
method  for  vehicle  selection  be  determined  in  advance.  The  occu- 
pants of  each  stopped  vehicle  are  asked  whether  they  have  taken 
any  abalone.  If  the  answer  is  no  and  there  is  no  evidence  to  the 
contrary,  the  vehicle  is  sent  on  its  way.  These  checkpoints  are 
neither  intended  nor  expected  to  detect  an  alert  or  wary  poacher. 
But  they  do  provide  some  insight  into  the  extent  of  sport  viola- 
tions. For  example: 

•  A  1990  Sonoma  County  checkpoint  inspected  approximately 
400  vehicles  resulting  in  36  citations  and  120  warnings  plus 
seizure  of  175  abalone  {Santa  Rosa  Press  Democrat  6/25/90), 

•  The  June  1997  Sonoma  County  roadside  checkpoint  inspected 
200  vehicles,  issued  28  citations,  and  confiscated  73  abalone 
[Santa  Rosa  Press  Democrat  6/23/97). 

The  over-all  impact  of  sport  violations  is  generally  limited  to  an 
increase  in  pressure  on  stocks  already  subject  to  recreational  har- 
vesting. When  there  is  no  financial  incentive  involved,  petty 
poaching  would  be  a  minor  concern  except  for  the  apparently  large 
numbers  of  sport  harvesters  involved. 

COMMERCIAL-TO-COMMERCIAL  POACHING 

At  the  other  extreme  of  visible  poaching  activity  is  a  small  and 
elusive  segment  of  the  commercial  diving  industry  that  takes  or 
creates  opportunities  to  harvest  abalone  illegally  in  Northern  Cali- 
fornia. Though  well  out-of-sight.  the  existence  of  this  type  of 
poaching  is  known  and  easily  illustrated.  Beginning  in  1985, 
Northern  California  was  the  focus  of  a  boom-bust  cycle  in  com- 
mercial sea  urchin  fishing.  Most  of  the  abalone  permittees  from 
Southern  California  also  have  commercial  sea  urchin  permits  that 
enable  them  to  move  north  and  work  Central  California  for  aba- 
lone and  Northern  California  for  sea  urchin.  Landing  records 
from  the  mid-  to  late- 1 980s  document  that  some  dual-permit  divers 
were  making  landings  of  up  to  564  abalone  per  vessel  day  and 
averaging  three  times  the  catch  per  unit  effort  (CPUE)  as  com- 
pared to  Central  California  operators  (California  Department  of 
Fish  and  Game  1/95).  Suspicious  boats  were  targeted  for  surveil- 
lance, which  resulted  in  the  1990  seizure  of  two  commercial  boats 
for  north  coast  poaching  violations.  Landing  data  available  from  as 
late  as  1993  suggests  that  other  operators  continued  with  similar 
illegal  activities  (K,  Karpov  9/28/97  pers,  tele,  comm.).  Recently 
publicized  cases  further  bolster  assertions  that  commercially  li- 
censed divers  continue  to  be  involved  in  abalone  poaching.  For 
example: 
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•  Fish  and  game  wardens  arrested  a  Half  Moon  Bay  commercial 
abalone  diver  in  January  of  1996  following  observations  that  he 
was  diving  in  Fitzgerald  Marine  Reserve,  a  no-take  preserve, 
during  the  closed  month  of  January.  Agents  monitoring  his 
movements  became  suspicious  when  one  SCUBA  tank  stayed  in 
the  back  of  this  truck  while  others  were  being  refilled  in  a  local 
dive  shop.  When  the  agents  moved  in.  they  found  a  SCUBA 
tank  with  a  false  bottom — perfect  for  hiding  the  seven  abalone 
found  inside. 

•  Two  Santa  Barbara  commercial  divers  were  arrested  in  August 
of  1996  for  landing  46  abalone  at  Sonoma  County's  Fort  Ross 
{Santa  Rosa  Press  Democrat  1 1/6/96).  Using  radios  to  maintain 
contact  with  a  third  accomplice,  these  poachers  used  SCUBA 
gear  for  their  illegal  activities  (Sonoma  County  Superior  Court, 
testimony  before  Judge  Frank  Passalacqua  8/22/96).  An  earlier 
encounter  with  Northern  California  law  enforcement  officers 
indicates  the  August  foray  was  not  their  first.  For  one  of  the 
commercial  divers,  the  Sonoma  County  arrest  and  conviction 
landed  him  in  state  prison  for  2  years  when  his  probation  was 
revoked  by  a  Southern  California  court  that  had  sentenced  him 
earlier  the  same  month  for  fish  and  game  violations  (B.  Halsey, 
Jr.  Dep.  D.A..  Sonoma  County  9/30/97  pers.  tele.  comm.). 

•  Investigation  of  a  Point  Area  bed-and-breakfast  lodging  that 
seemed  to  cater  only  to  commercial  sea  urchin  divers  and  ten- 
ders led  to  prison  for  those  involved  in  what  turned  out  to  be  an 
abalone  for  heroin  operation.  (M.  Hee,  Patrol  Captain,  Abalone 
Enforcement  Coordinator,  CA  Dept.  of  Fish  and  Game,  Sacra- 
mento, CA  9/23/97  pers.  tele.  comm.). 

With  the  May  1997  closure  shutting  down  the  commercial  aba- 
lone fishery  throughout  the  State  of  California,  concern  over 
poaching  by  commercially  licensed  divers  has  been  substantially 
reduced.  The  presence  of  more  than  sport  quantities  of  abalone 
aboard  any  boat  now  constitutes  prima  facie  evidence  of  commer- 
cial poaching  that  can  lead  to  loss  of  boat  and  equipment;  abalone 
poaching  in  Northern  California  has  been  too  easy  to  risk  valuable 
assets  unnecessarily.  Even  so,  sufficient  evidence  continues  to  ac- 
cumulate to  justify  ongoing,  close  scrutiny  of  the  commercial  div- 
ing fleet  working  Northern  California  waters. 

SPORT-TO-COMMERCIAL  POACHING 

Of  much  greater  current  concern  to  resource  professionals  and 
legitimate  stake  holders  is  the  black  market  in  poached  abalone 
and  those  occasions  where  it  has  led  to  large-scale  commercial 
operations.  Historically,  there  has  been  an  underground  trade  in- 
volving local  restaurants  and  seafood  markets  willing  to  purchase 
or  barter  for  abalone  landed  by  individuals  having  nothing  more 
than  a  sport  fishing  license.  For  example: 

•  The  owner  of  a  San  Francisco  seafood  market  was  arrested  on 
July  14,  1996,  when  she  bought  20  kilograms  of  abalone  from 
an  undercover  game  warden  after  driving  100  kilometers  to  take 
delivery  in  a  parking  lot  meeting  place  (Santa  Rosa  Press 
Democrat  7/15/96). 

•  A  San  Francisco  Chinatown  fish  market  owner  was  arrested  on 
May  29,  1997  in  possession  of  75  kilograms  of  abalone  on  his 
business  premises.  The  only  available  records  to  indicate  where 
the  abalone  had  been  purchased  were  bank  drafts  made  out  to 
"cash"  {San  Francisco  Chronicle  10/4/97). 

•  Two  Fort  Bragg  restaurants  in  business  for  decades,  one  under 
the  same  owner,  were  successfully  prosecuted  based  on  infor- 
mation obtained  from  a  poacher.  When  that  same  poacher  was 
released  from  prison  months  later,  he  was  again  caught  poach- 


ing abalone,  and  he  revealed  that  one  of  the  two  restaurants  was 
back  in  the  business  of  buying  poached  abalone.  The  follow-up 
investigation  led  to  a  second  round  of  arrests  and  the  discovery 
of  more  abalone  than  could  be  accounted  for  by  undercover 
transactions  preceding  the  arrests  (Hee  9/23/97  pers.  tele, 
comm.). 

•  In  1996,  an  East  Bay  resident  came  under  suspicion  when  it 
became  obvious  he  was  diving  for  abalone  on  a  daily  basis.  A 
background  check  revealed  that  he  was  residing  more  than  150 
kilometers  from  the  diving  locations,  driving  a  new  vehicle,  and 
had  no  obvious  source  of  income.  The  investigation  that  led  to 
this  arrest  revealed  he  was  taking  his  four  abalone  per  day, 
processing  his  landings  to  maximize  the  value,  and  making  daily 
deliveries  to  local  sushi  restaurants.  A  search  of  the  individuaPs 
home  turned  up  an  additional  129  abalone  (Hee  9/23/97  pers. 
tele.  comm.). 

More  than  24  seafood  markets  and  restaurants  have  been  suc- 
cessfully prosecuted  for  Northern  California  abalone  violations 
during  the  past  18  months,  with  more  cases  pending  (Hee  9/23/97 
pers.  tele.  comm.).  Some  of  these  relate  to  the  traditional  black 
market,  and  others  are  associated  with  a  new  class  of  poachers. 
These  new  participants  make  almost  daily  appearances  on  the 
coast,  take  their  sport  limits,  and  return  to  homes  150  to  300 
kilometers  away.  Although  more  wary  poachers  tend  to  work 
alone,  some  of  the  newcomers  have  been  observed  traveling  to- 
gether in  caravans  with  up  to  six  people  per  vehicle. 

•  Thirty-five  suspects  were  arrested  August  9.  1995.  when  ap- 
proximately 70  individuals  were  detected  illegally  working  Fort 
Ross  Terrace  in  the  middle  of  the  night  {Santa  Rosa  Press 
Democrat  9/23/95).  Having  similar  San  Francisco  home  ad- 
dresses plus  common  employers  in  the  garment  and  hotel  in- 
dustries suggest  the  defendants  were  part  of  an  organized  group 
(Halsey  9/30/97  pers.  tele.  comm.).  Five  of  the  defendants  had 
a  total  of  23  prior  citations  that  included  commercial  poaching 
(more  than  seven  times  sport  limit),  undersized,  and  out-of-shell 
violations  {Santa  Rose  Press  Democrat  1/18/96;  Sonoma 
County  Superior  Court,  courtroom  testimony  before  Judge  Rex 
Sater  12/10/96). 

•  Four  individuals  were  arrested  north  of  Mendocino  County's 
Navarro  Beach  on  July  1 1,  1995.  in  possession  of  309  abalone. 
About  90'7c  were  under  legal  size  including  some  that  were  less 
than  half  the  legal  size  minimum  {Santa  Rosa  Press  Democrat 
7/14/95). 

•  Eight  people  were  arrested  June  5,  1996,  in  possession  of  70 
abalone  taken  from  Fisk  Mill  Cove.  They  used  SCUBA  gear, 
camouflaged  equipment,  lookouts,  and  worked  in  relay  teams  to 
land  the  abalone  {San  Francisco  Examiner  6/9/96).  This  group 
had  one  dive  shop  refuse  to  rent  them  dive  gear  when  it  became 
clear  they  intended  to  use  it  for  north  coast  poaching  activities; 
they  went  forward  with  their  plans  despite  being  told  by  dive 
shop  employees  the  consequences  of  getting  caught  (Sonoma 
County  Superior  Court,  testimony  before  Judge  Mark  Tansil 
11/6/96). 

•  Surveillance  of  one  Mendocino  location  during  a  middle-of-the- 
night  low  tide  in  August  1997  resulted  in  the  arrest  of  24  poach- 
ers. In  the  middle-of-the-night  2  weeks  later,  nine  more  indi- 
viduals were  an'ested  at  a  different  site  (Lt.  S.  Morse.  Wild  Life 
Protection,  CA  Dept.  of  Fish  and  Game.  Fort  Bragg.  CA  10/8/97 
pers.  tele.  comm.). 

In  some  cases,  small  scale  operations  have  tied  in  with  inter- 
national businesses  involving  millions  of  dollars  in  abalone 
poached  from  Northern  California  waters. 
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•  TliL-  HoJo  poachinj;  ring  beg;in  in  the  lute  sunmier  of  1993  wilh 
two  individuals  selling  part  of  their  sport  landings  to  local  res- 
taurants. Within  a  few  months'  time,  more  than  a  dozen  indi- 
viduals were  involved,  and  a  San  Diego  commercial  fisherman 
was  offering  to  buy  as  much  abalone  as  the  group  could  land.  By 
the  end  of  1993,  the  San  Diego  contact  had  the  poaching  ring  set 
up  with  a  safe  house  near  the  coast,  bought  the  equipment 
needed  to  properly  pack  and  freeze  the  product,  and  established 
air  freight  and  nione\  exchange  procedures  to  efficiently  ship 
the  product  south.  On  receipt  in  San  Diego,  the  abalone  would 
he  immediatel_\  transferred  to  another  receiver  in  a  chain  that  led 
to  the  Orient  or  the  U.S.  eastern  seaboard.  When  free  diving 
methods  pro\ed  too  inefficient  to  meet  demand,  he  convinced 
the  group  to  switch  to  the  illegal  use  of  SCUBA  equipment  that 
made  it  possible  to  remove  and  shuck  80  to  100  abalone  per  tank 
(Sonoma  County  Superior  Court,  courtroom  testimony  before 
Judge  Bryan  Jamar  7/24/96).  This  group  of  poachers  ended  up 
removing  at  least  20  metric  tons  of  red  abalone  from  five  loca- 
tions along  a  10  kilometer  stretch  of  coastline  during  the  less 
than  1  year  they  were  in  operation. 

•  During  pretrial  inteniews  in  the  Van  Howard  Johnson  case. 
statements  were  made  about  a  larger  operation  that  included  the 
in\ol\ement  of  12  commercial  sea  urchin  boats  based  in 
Sonoma  and  Mendocino  Counties  (Halsey  9/30/97  pers.  tele, 
comm.).  Those  statements  in  1994  eventually  led  to  the  May 
1997  arrest  of  a  Los  Angeles  seafood  processor  and  two  of  his 
associates  following  buys  of  abalone  from  a  fish  and  game  agent 
posing  as  a  north  coast  sport  diver  iSaiUa  Rosa  Press  Democrat 
5/30/97,  6/3/97,  San  Francisco  E.xaminer  6/8/97.  San  Francisco 
Chronicle  5/31/97).  One  of  the  participants  in  that  illegal  South- 
em  California  seafood  processing  business  made  statements  to 
an  undercover  agent  that  they  were  paying  commercial  sea  ur- 
chin boats  in  Bodega  Bay  as  much  as  $45,000  per  load  for 
Northern  California  abalone  (Sacramento  Bee  6/9/97).  More 
than  3,000  abalone,  almost  one  metric  ton  of  sea  cucumber,  and 
520,000  cash  were  confiscated  during  the  raid  of  their  illegal 
processing  plant  (Hee  9/23/97  pers.  tele.  comm.).  Bookkeeping 
records  seized  during  the  arrests  document  traceable  business 
transactions  totaling  millions  of  dollars  since  1994  (Halsey 
9/30/97  pers.  tele.  comm.). 

COUNTERMEASURES 

Building  concern  over  the  blatant  rise  in  poaching  led  to  direct 
public  involvement,  which,  in  turn,  spurred  increased  attention  on 
the  problem  by  go\emment  agencies  at  the  local,  state,  and  federal 
levels.  The  results  have  been  impressive,  although  not  necessarily 
publicized.  Quietly  processing  cases  through  the  legal  system  less- 
ens the  attention  drawn  to  focused  law  enforcement  efforts  and 
potentially  makes  defendants  more  useful  during  follow-up  inves- 
tigations. 

•  The  commercial  boat  seizures  in  1990  led  to  the  first  use  of 
felony  conspiracy  charges  in  cases  involving  misdemeanor  fish 


and  game  \iola(ions.  Convictions  for  felony  conspiracy  carry 
maximum  sentences  of  up  to  3  years  in  state  prison,  as  com- 
pared to  1  year  in  county  jail  for  a  misdemeanor.  In  1996,  16 
felony  convictions  were  obtained  in  Sonoma  County  abalone 
cases  resulting  in  two  3-year  and  one  2-year  state  prison  sen- 
tences, as  well  as  numerous  county  jail  sentences. 

•  The  1990  seizures  also  resulted  in  legislation  that  increased 
abalone  poaching  fines  to  $30,000.  With  penalty  assessments 
tacked  on.  financial  exposure  for  commercial  poaching  convic- 
tions now  exceeds  $80,000. 

•  Groups  of  as  many  as  45  recreational  harvesters  have  demon- 
strated the  importance  of  the  poaching  issue  by  sitting  through 
courtroom  hearings  involving  abalone  poaching  cases. 

•  Fines  for  petty  sport  violations  in  Sonoma  County  have  been 
standardized  at  $500  for  a  violation  involving  one  abalone,  with 
$250  added  for  each  additional  abalone;  for  example,  four  un- 
dersized abalone  equates  to  a  $1,250  fine  (B.  Halsey,  Jr.  7/24/97 
presentation  at  Sonoma  Co.  Abalone  Network  gen.  mtg.).  If 
violations  are  associated  with  sport-to-commercial  poaching, 
punishment  for  first  time  offenders  has  resulted  in  jail  time  with 
fines  starting  at  $3,000. 

•  Virtually  nonexistent  during  8  of  the  last  10  years,  state  funding 
has  been  made  available  for  law  enforcement  efforts  that  focus 
on  abalone  poaching.  More  than  200  court  cases  have  been  filed 
during  the  past  18  months  involving  the  illegal  commercializa- 
tion of  Northern  California  abalone  (Hee  9/23/97  pers.  tele, 
comm.). 

•  Businesses  found  to  be  purchasing  poached  abalone  are  now 
beginning  to  face  civil  suits  for  engaging  in  unfair  business 
practices.  Compared  to  criminal  prosecutions,  civil  actions  re- 
quire a  much  lower  standard  of  proof  and  the  "fines"  have  no 
ceiling. 

•  Successful  prosecution  at  the  local  level  draws  stepped  up  scru- 
tiny by  federal  tax,  customs,  and  marine  enforcement  agencies. 

•  Grassroots  stewardship  efforts  have  sprung  up  to  educate  rec- 
reational harvesters  and  build  on  peer  pressure  against  petty 
poaching. 

•  Legislation  that  includes  an  annual  fee  on  recreational  harvest- 
ers as  a  means  of  funding  abalone  research  and  law  enforcement 
projects  received  widespread  and  active  support  from  the  sci- 
entific and  recreational  communities  and  was  signed  into  law 
October  8,  1997. 

CONCLUSION 

Abalone  poaching  in  Northern  California  has  been  a  serious 
concern  for  decades,  and  the  escalating  value  of  abalone  provides 
good  reason  to  expect  it  will  continue.  The  public  and  private 
sectors  have  responded  with  a  number  of  deterrents  and  have  had 
some  limited  success.  The  question  for  the  future  is  whether  the 
resolve  needed  to  counter  the  plundering  of  public  resources  can 
be  maintained. 
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THE  RED  ABALONE,  HALIOTIS  RUFESCENS,  IN  CALIFORNIA:  IMPORTANCE  OF  DEPTH 
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ABSTRACT  Two  different  approaches  have  been  used  for  management  of  red  abalone,  Haliolis  rufescens.  in  California.  In  central 
and  southern  California,  use  of  compressed  air  has  been  allowed  for  both  commercial  and  sport  fisheries,  permitting  take  of  red  abalone 
throughout  its  depth  range.  In  northern  California,  commercial  fishing  has  not  been  allowed,  nor  has  use  of  compressed  air  by  the  sport 
fisher>',  resulting  in  refuge  from  take  at  depths  below  8,4  ni.  The  central  and  southern  California  fisheries  were  recently  closed  because 
of  stock  declines,  while  the  northern  California  fishery  continues  to  provide  high  yields.  Commercial  catch  and  stock  density  showed 
parallel  trends  of  significant  decline  at  two  of  three  southern  California  islands  (Santa  Rosa  Island  and  Santa  Cruz  Island,  but  not  San 
Miguel  Island)  between  198.^  and  1996.  At  Van  Damme  State  Park,  a  highly  fished  northern  California  site,  stock  density  increased 
threefold  between  1986  and  1992,  Dive  survey  data  indicate  major  recruitment  events  are  sporadic  in  northern  California,  Density  of 
young-of-the-year  (YOY)  recruits  at  Van  Damme  in  1990  to  1992  averaged  three  times  that  at  Santa  Rosa  Island  in  1978  to  1982,  The 
proportion  of  red  abalone  larger  than  the  sport  size  limit  was  43%  at  Van  Damme  in  depths  >8,4  m,  but  was  only  16%  at  depths  <8,4 
m,  and  15%  at  Santa  Rosa  Island  at  all  depths.  Refuge  by  depth  at  Van  Damme  apparently  protected  sufficient  adults  from  harvest 
during  protracted  periods  of  low  recruitment  to  allow  sustainable  harvest, 

KEY  WORDS:     Huliotis  rufescens.  density,  abundance,  refuge,  young-of-the-year,  recruitment 


INTRODUCTION 

The  red  abalone,  Haliotis  rufescens  (Swainson).  is  found  on 
rocky  substrate  in  kelp  forests  along  the  entire  California  coast.  In 
northern  California,  they  occur  most  abundantly  in  sublidal  areas 
in  7-8  m  depth,  and  out  to  25  m.  In  southern  California,  they  occur 
deeper  at  depths  of  12  to  25  m  (Tegner  et  al,  1992), 

Recreational  and  commercial  red  abalone  fisheries  declined  in 
southern  and  central  California  since  the  1970s,  Commercial 
landings  declined  from  an  average  1.300  MT  in  1955  to  1977  to 
105  MT  in  1982  (92%  decline)  (California  Department  of  Fish  and 
Game  Landing  Statistics),  Continued  decline  led  to  closure  of  all 
abalone  take  in  central  and  southern  California  in  1997,  In  marked 
contrast,  a  red  abalone  fishery  continues  to  flourish  in  northern 
California  (Tegner  et  al,  1992), 

Tegner  et  al,  (1992)  contrasted  the  outcomes  of  two  very  dif- 
ferent management  approaches  for  red  abalone  in  northern  Cali- 
fornia versus  central  and  southern  California,  In  central  and 
southern  California,  commercial  take  was  allowed,  and  sport 
divers  could  harvest  using  SCUBA.  In  northern  California,  com- 
mercial take  was  prohibited  and  SCUBA  is  not  allowed  for  sport 
take.  The  northern  sport  fishery  take,  estimated  to  range  between 
552  to  1.550  MT  in  1985  to  1989  comparable  to  southern  Cali- 
fornia commercial  landings  that  averaged  900  MT  from  1931  to 
1968  (Karpov  and  Tegner  1992.  Tegner  et  al.  1992), 

Parker  et  al,  (1988)  found  high  densities  of  red  abalone  in 
underwater  surveys  of  heavily  fished  areas  in  northern  California 
in  1986  and  suggested  that  refuge  by  depth  may  protect  these 
stocks  from  overutilization.  Here,  we  compared  the  outcome  of 
two  different  management  approaches  for  California  red  abalone. 
We  address  the  question  of  whether  refuge  by  depth  provided 
protection  for  northern  California  red  abalone. 


METHODS 

Our  analysis  focuses  on  fisheries-independent  dive  survey  data, 
primarily  in  areas  with  time  series.  We  also  examine  commercial 
landings  at  the  southern  California  dive  survey  areas  and  sport 
fishermen  intercepts  (creel  surveys)  for  Van  Damme  State  Park 
(VDSP)  in  northern  California, 

Fishery-independent  data  were  mostly  in  the  form  of  two  kinds 
of  underwater  surveys,  "emergent"  and  "invasive,"  "Emergent" 
surveys  are  designed  to  enumerate  and  measure  noncryptic 
(  =  emergent)  juvenile  and  adult  abalone  that  can  be  seen  without 
the  use  of  flashlight  or  moving  the  substrate  (Tegner  et  al,  1989, 
Karpov  et  al,  1997.  Kalvass  et  al.  1991.  Davis  1985),  "Invasive" 
surveys  are  designed  to  enumerate  and  measure  both  cryptic  and 
exposed  abalone  using  flashlights  and  overturning  rocks  (Tegner  et 
al.  1989,  Karpov  etal,  1997), 

Southern  California 

In  southern  California,  three  of  the  Channel  Islands.  San 
Miguel  (SMI),  Santa  Rosa  (SRI),  and  Santa  Cruz  (SCI)  had  time 
series  dive  survey  data  that  provided  abundance  trends  (Fig.  1). 
These  included  a  dive  survey  by  Tegner  et  al,  ( 1989)  from  1978  to 
1982  at  Johnsons  Lee,  SRI  and  Channel  Islands  National  Park 
(CINP)  surveys  from  1983  to  1997  at  SMI,  SRI,  and  SCI  (Davis 
1985,  Kushneretal,  1997),  CINP  surveys  included  10  to  12  (10  to 
1984  and  12  thereafter)  annual  60  m~  emergent  transects  at  16 
stations  (Davis  1985),  Transects  were  randomly  placed  off  a  per- 
manent 0,1 -km  leadline.  Five  of  the  16  CINP  locations  sampled 
contained  enough  red  abalone  to  be  included  in  our  analysis.  These 
included  Hare  Rock  and  Wyckoff  Ledge  at  SMI,  Johnsons  Lee, 
SRI,  and  Gull  Island,  SCI,  These  locations  were  selected  by  CINP 
as  index  stations  to  monitor  change  in  macro-invertebrate  assem- 
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Figure  1.  Southern  C'alit'ornia  vicinity  with  San  Miguel  Island  (SMI),  Santa  Rosa  Island  (SRI),  and  Santa  Cruz  Island  (SCI).  SMI,  SRI,  and  SCI 
show  commercial  fishery  sampling  blocks  and  dive  survey  locations. 


Wages  (Davis  1985).  We  pooled  transects  by  island:  SMI  and  SRI 
each  included  24  transects  annually  and  SCI  12  (Table  1 ).  We  also 
used  emergent  and  invasive  red  abalone  density  and  size  data  from 
Tegner  et  al.  (1989)  collected  at  Johnsons  Lee  from  1978  to  1982 
as  a  basis  for  examining  relative  recruitment  at  VDSP  northern 
California. 

Commercial  landing  trends  from  1981  to  1996  were  also  com- 
pared to  red  abalone  densities  at  SMI.  SRI.  and  SCI  to  validate 
independently  if  locations  sampled  by  CINP  were  representative  of 
red  abalone  abundance.  Location  of  commercial  abalone  take  is 
recorded  on  landing  receipts  by  origin  of  catch.  Catch  is  assigned 
by  the  processor  to  California  Fish  and  Game  blocks,  each  of 
which  spans  10  minutes  of  latitude  and  longitude  (Fig.  1 ).  Two  of 
the  12  blocks  surrounding  the  islands,  were  shared  by  adjacent 


islands  and  catch  data  were  allocated  evenly  between  ihe  ambigu- 
ous blocks. 

Norlhern  California 

In  northern  California,  our  prnnary  focus  is  at  VDSP.  where 
we  examine  red  abalone  abundance  in  a  time  series  spanning  1986 
to  1992.  comparing  fished  to  "refuge"  (unfished)  depths  (Fig.  2. 
Table  1).  We  also  examined  red  abalone  abundance  from  other 
recent  emergent  dive  surveys  for  a  broad-based  comparison  be- 
tween areas  with  refuge  in  northern  California  to  areas  without 
refuge  in  southern  California.  Parker  et  al.  (1988)  completed  1 14 
emergent  transects  in  1986  at  four  high  sport  use  sites  |VDSP  (25). 
Point  Arena  (16).  Salt  Point   Park  (.^1).  and  Fort  Ross  State 


TABLE  1. 

Red  abalone  dive  locations,  length  of  coastline  surveyed,  type  (invasive  or  emergent),  year(s),  number  of  transects,  depth  range  in  northern 

and  southern  California. 


Area  of  California 
Location  (Source) 


Coastline 
(km) 


Survey 
Type 


Survey  Years 


No.  of 
Transects 


Depth 
Range 

(m) 


Northern 

Van  Damme  State  Park 

Cabrillo  Reserve 

Salt  Point.  Fort  Ross,  and  Pt.  Arena 

(Parker  et  al.  1988) 
.Sonoma  and  Mendocino  (Kalvass  et  al.  1491 

and  Kalvass  and  Taniguchi  1993) 
Southern 

Hare  Rock  and  Wyckoft  ledge, 

San  Miguel  Island 
Gull  Island  otf  Sanla  Cru/  Island 
J.  Lee.  Santa  Rosa  Island  (CINPS) 
J.  Lee,  Santa  Rosa  Island 

(Tegner  et  al.  1989) 


1.8 

Invasive 

1990  to  1992 

6(1 

2-18 

1.8 

Emergent 

1986,  1989  to  1992 

120' 

2-18 

1..3 

Emergent 

1986 

30 

5-17 

1 1 .(.) 

Emergent 

1986 

89 

-5-17 

14.3 

Emergent 

1989  and  1991 

66 

5-17 

0.2 

Emergent 

1983  to  1997 

352 

6-16 

O.I 

Emergent 

1983  to  1997 

176 

15-18 

0.2 

Emergent 

1983  to  1997 

352 

8-18 

1.2 

Invasive 

1978  to  1982 

166 

7-16 

1.2 

Emeriicnt 

1978  to  1982 

83 

7-16 

'  Includes  25  emergent  slaliims  surveyed  hy  Parker  el  al,  ( 1988)  in  1986. 
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Figure  2.  Northern  California  dive  survey  locations. 

Park  (42)]  and  also  a  no-take  reserve  off  Point  Cabrillo.  Kalvass  et 
al.  (1991).  and  Kalvass  and  Taniguchi  (1993)  conducted  separate 
broad-scale  surveys  in  1989  an  1991  in  which  66  emergent 
transects  were  surveyed  from  Mac  Kerricher  to  Fort  Ross.  We 
combined  the  two  surveys  for  our  comparison. 

Free  divers  in  northern  California  seldom  dive  deeper  than  8.4 
m  to  collect  abalone.  We  segregated  dive  station  results  at  VDSP 
by  two  depth  strata  " 'Shallow"  and  "Deep"  using  8.4  meters  as 


the  dividing  depth.  An  effort  was  made,  each  year,  to  randomly 
distribute  dive  station  locations  al  VD.SP  throughout  the  study  area 
by  depth  strata.  In  1989  to  1992.  an  additional  95-30  m"  emergent 
transects  were  added  to  the  25  completed  in  1986  by  Parker  et  al. 
(1988).  .Sixty  invasive  10  nr  transects  were  added  in  1990  to  1992. 
Rough  seas  often  forced  our  sampling  to  alternate  reef  sites  in  the 
more  sheltered  areas  of  Van  Damme  Bay.  As  a  result  of  this 
procedure,  most  of  our  sampling  locations  were  in  close  proximity 
to  the  areas  of  fishing  concentration,  because  the  fishery  is  also 
constrained  by  weather  to  targeting  available  reefs  (Fig.  3a-c). 

Creel  surveys  were  conducted  during  spring  minus-tides  from 
1990  to  1994  at  VDSP.  The  location  of  fishing  was  recorded  to  the 
nearest  0.2  min  of  latitude  and  longitude,  which  allowed  mapping 
fishing  concentration  (Fig.  3a).  Transect  locations  were  also 
mapped  in  a  similar  fashion,  allowing  direct  visual  comparison 
(Figures  3b.c). 

Statistical  Comparison 

In  southern  California  red  abalone  density  differences  between 
years  were  tested  using  one-way  analysis  of  variance  (ANOVA). 
followed  by  Scheffe  multiple-comparison  test  to  identify  years  that 
were  the  most  significantly  different.  At  VDSP,  both  density  and 
sizes  were  tested  for  significance  between  year  and  depth  strata 
using  the  two-way  ANOVA.  The  model  used  was  density  or  size 
=  yearldepth;  where  year  and  depth  were  class  variables.  Only 
emergent  densities  and  sizes  were  tested  at  VDSP  for  difference 
over  time.  The  invasive  survey  period  was  too  short  to  evaluate 
time  trends.  Before  applying  one-  or  two-way  ANOVA  compari- 
sons, densities  were  transfonned  using  the  method  of  Pearce  and 
Mines  (1987)  (transformed  density  =  Ln  (density  +  1)).  Signifi- 
cance for  all  tests  was  at  a  =  0.05.  To  examine  size  by  density  at 
VDSP.  red  abalone  sizes  were  weighted  by  density  at  each 
transect.  The  weighted  means  were  then  combined  for  each  depth 
strata  and  year  to  produce  density-size  frequency  histograms. 

RESULTS  AND  DISCUSSION 

Southern  California— Slock  Abundance  SMI,  SRI,  and  SCI 

Visual  comparison  of  catch  and  emergent  dive  survey  data 
show  parallel  trends  at  SRI  and  SCI.  but  not  SMI  (Fig.  4).  Density 


Figure  3.  al  Distribution  of  abalone  fishing  effort  from  creel  census  Interviews  at  Van  Damme  State  Park  access  point,  Mendocino  County, 
California,  IWO  to  1992;  b)  distribution  of  dive  sampling  at  shallow  (1.8-7.6  m):  and  c)  deep  (8.4-17.6  ni)  sampling  stations  from  1986  to  1992. 
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differences  were  significant  over  time  (ANOVA  test,  Table  2). 
SMI  densities  showed  no  definitive  trend  during  this  period,  and 
catch  increased  to  a  peak  120  MT  in  1993,  a  year  of  relatively  low 
density  (28  abalone-per-ha). 

In  1997.  an  emergent  dive  survey  was  conducted  by  one  of  us 
(Haaker)  at  SMI.  Stations  targeted  in  the  survey  were  selected  as 
areas  having  high  red  abalone  abundance,  based  on  information 
offered  by  commercial  fishermen.  Density  results  ranged  from  0  to 
2,900  abalone-per-ha.  Size  frequency  distributions  from  this  sur- 
vey showed  a  robust  distribution  of  juveniles,  and  were  similar  to 
distributions  found  by  Tegner  et  al.  (1989)  for  SRI  during  1978  to 
1982.  These  results  indicate  that  the  CINP  stations  at  Hare  Rock 
and  Wyckoff  Ledge  do  not  represent  indices  of  peak  red  abalone 
abundance  at  SMI. 

SRI  showed  a  close  correlation  between  catch  and  density  for 
most  years  (Fig.  4).  Density  (abalone-per-ha)  at  Johnsons  Lee 
declined  from  a  maximum  of  1,563  in  1983  to  a  low  of  21  in  1997. 
Although  abalone  density  did  not  change  in  1993.  commercial 
catch  increased  to  8  MT.  Density  differences  between  years  were 
significant,  with  1983  and  1984  as  significantly  greater  than  all 
other  years  (ANOVA  test  p  =  .0001  and  Scheffe  test  Table  2). 


Tegner  ( 1989)  found  emergent  red  abalone  abundance  showed  no 
significant  change  from  1978  to  1982  at  Johnsons  Lee;  density 
averaged  632  abalone-per-ha.  In  1993.  two  of  us  (Haaker  and 
Karpov)  conducted  17  random  emergent  transects  at  Johnsons  Lee 
to  corroborate  independently  our  findings  on  the  CINP  index  sta- 
tions. We  found  60  abalone-per-ha  (SE  =  60).  as  compared  to  223 
abalone-per-ha  (SE  =  67)  on  the  CINP  stations.  Collectively,  the 
fishery-dependent  and  fishery-independent  results  provide  con- 
vincing evidence  of  significant  stock  decline  at  SRI  over  the  last 
15  years. 

SCI  showed  the  most  profound  declines  in  both  commercial 
catch  and  density  (Fig.  4).  From  1983  to  1996  commercial  catch 
declined  from  7.5  MT  to  LI  MT,  and  density  declined  from  440 
to  0  abalone-per-ha.  Density  differences  between  years  were  sig- 
nificant, with  1983  greater  than  all  other  years  (ANOVA  test  p  = 
.000!  and  Scheffe  test  Table  2). 

Red  abalone  abundance  differences  at  SMI,  SRI,  and  SCI  re- 
flect differences  in  temperature  regime  and  fishing  pressure,  with 
the  only  refuge  provided  by  difficulty  of  access;  that  is,  cold  SMI, 
warm  SCI,  and  intermediate  SRI  (Engie  1994).  SRI  and  SCI  are 
more  readily  accessible  to  sport  and  commercial  fishers  than  SMI. 
Red  abalone  at  SMI  varied  from  year  to  year  and  showed  no 
consistent  trend.  SRI  and  SCI  underwent  severe  fluctuations  and 
decline  in  abundance,  probably  because  of  combined  effects  of  the 
1982  to  84  El  Nifio  and  fishing  pressure.  Although  our  results  were 
inconclusive,  SMI  would  be  expected  to  fare  better  because  of  its 
geographic  position  in  the  direct  flow  of  the  southward  moving 
California  current  (Engle  1994). 

Northern  California — Van  Damme  State  Park 

VDSP  (Fig.  2)  is  among  the  highest  used  area  in  the  northern 
California  abalone  fishery.  Fishing  at  VDSP  is  focused  on  a  rela- 
tively small  area;  between  1990  to  1994,  57%  of  the  fishing  effort 
was  concentrated  in  two  adjacent  grids  of  21  hectares  (Fig.  3a). 
Distances  traveled  from  the  parking  areas  to  take  abalone  for 
divers  swimming  from  shore  averaged  only  0.63  km  (SE  =  0.02), 
boat  divers  0.83  km  (SE  =  0.02),  and  shore  pickers  0.50  km  (SE 
=  0.02).  Despite  the  concentration  of  fishing  effort,  abalone  den- 
sity at  VDSP  increased  over  time  (Fig.  5).  Differences  were  sig- 
nificant by  lime  and  by  depth  (Table  3). 

The  increase  in  red  abalone  abundance  from  1986  was  most 
pronounced  at  shallow  depths,  reaching  a  plateau  in  1989.  and 
deep  transects  continued  to  increase  through  1992  (Fig.  5).  The 
1986  deep  water  densities  must  be  interpreted  cautiously  given  the 
small  number  of  deep  stations  sampled  that  year  (six)  relative  to 
shallow  stations  (19).  Our  results  suggest  that  one  or  more  major 
cohorts,  first  seen  as  juveniles  in  1989,  replenished  first  shallow 
and  then  deep  water  stocks.  One  effect  of  refuge  by  depth  was  the 


TABLE  2, 

Red  abalone  one-way  ANOVA  probability  values  and  Scheffe  multiple  comparison  (years  paired  as  signiflcant)  for  transformed  density  by 
year  ( 198.1  to  |y97)  from  emergent  dive  transects  at  San  Miguel.  Santa  Rosa,  and  Santa  Cruz  Island. 


Location 


Years 


ANOVA 
Prob.  Values 


Scheffe  Y'ear(s) 
Paired  as  Significant 


San  Miguel  Island 

Gull  Island.  Santa  Cruz  Island 

Johnsons  Lee,  Santa  Rosa  Island 


19S.VI997 
198.^1997 
1983-1997 


0.001 
O.OOOI 
0.000 1 


None 

1983  vs.  1984-1997 

198.^.  1984  vs.  1985-1997 
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Figure  5.  Densities  of  red  ahalone  from  emerfjent  dive  transects  at 
Van  Damme  State  Park  in  1986  and  1989  to  1992. 

increase  in  density  of  spoil-legal  abalone  0178  mm)  at  the  deep 
but  not  shallow  stations  from  1991  to  1992  (Fig.  6|. 

The  dynamics  of  the  changes  in  emergent  red  abalone  density 
become  more  understandable  when  changes  in  size  and  density  are 
examined  together  over  time  (Fig.  6).  Size-density  distributions  of 
red  abalone  showed  no  evidence  of  juvenile  recruitment  at  either 
shallow  or  deep  stations  in  1986.  hi  1989.  the  shallow  distribution 
reflected  emergence  of  nev\  cohorts.  Juvenile  recruits  became  a 
significant  component  of  the  deeper  transect  distributions  in  1990 
and  later.  Two  alternate  explanations  are  possible  for  these  obser- 
vations: ( 1 )  that  YOY  (size  <31  mm)  recruited  in  previous  years  at 
shallow  depths  only  and  were  dispersed  through  movement  to  deep 
depths  in  subsequent  years;  or  (2)  separate  recruitment  pulses  oc- 
curred first  in  shallow  depths  followed  by  a  separate  event  deeper. 
Ault  and  DeMartini  ( 19871  found  onshore  and  offshore  inovement 
during  winter  and  summer  months,  respectively,  during  an  1 1-year 
mark  and  recapture  study  off  Point  Cabrillo  (Fig.  2).  Tegner  et  al. 
(1992)  reported  that  intertidal  red  abalone  picked  in  northern  Cali- 
fornia by  shore  pickers  are  replaced  by  shoreward  movement. 

Our  results  clearly  show  that  major  recruitment  events  are  spo- 
radic in  northern  California.  Recruitment  potential  can  be  under- 
estimated if  only  a  single  year  with  a  low  number  of  juveniles  is 
examined.  Tegner  et  al.  (1992)  compared  emergent  densities  from 
Johnsons  Lee  to  1986  density  distributions  at  four  high-use  north- 
em  California  sites  from  Parker  et  al.  (1988).  All  four  northern 
California  locations  in  1986  showed  similar  narrow  distributions 
with  a  high  density  of  adults  and  few  juveniles  (Parker  et  al.  1988). 
Tegner  et  al.  (1992)  concluded  that  recruitment  levels  were  lower 
in  northern  California  relative  to  Johnsons  Lee.  When  our  1990  to 
1992  VDSP  densities  are  added  to   1986  the  juvenile  abun- 

TABLE  3. 

Red  abalone  t«o-way  .\NOV.\  probability  >aliies  for  size  and  log 

transformed  density  comparison  by  year,  depth,  and  year/depth 

interaction  for  emergent  stations  at  \  an  Damme  Slate  Park  In 

northern  California. 

Red 
Comparison  Class  Variable  .Abalone 


Density 


Size 


Year 

Depth 

Year/depth 

Year 

Depth 

">'ear/depth 


0.004 
0.005 
NS 
0.0001 
0.0001 
0.0001 
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Figure  6.  Density  by  length  class  for  emergent  red  abalone  sampled 
in  dive  surveys  at  Van  Damme  State  Park.  N  =  numbers  of  transects: 
n  =  number  of  abalone  measured. 

dance  was  clearly  greater  than  the  Johnsons  Lee  densities  from 
1978  to  1982  (Tegner  et  al.  1989)  (Fig.  7).  Tegner  et  al.  ( 1989)  also 
found  evidence  for  periodicity  of  recruitment  success  at  Johnson's 
Lee.  During  their  5-year  study  they  found  YOY  recruits  ranged 
from  50  (SE  =  50)  to  360  (SE  =  190),  averaging  176  (SE  <  190) 
abalone-per-ha  (Table  4). 

At  VDSP  the  cryptic  density  of  the  population  was  about  half 
the  cryptic  density  observed  at  SRL  VDSP  invasive  shallow 
transects  averaged  11.788  abalone-per-ha  (cryptic  plus  emergent) 
(Table  4);  whereas,  emergent  shallow  transects  (emergent  only) 
averaged  7,765  (Table  5);  thus  the  portion  of  cryptic  animals  is 
estimated  at  34%.  Deep  transect  densities  were  similar,  with  the 
portion  of  cryptic  abalone  estimated  at  42%  (Tables  4  and  5).  The 
combined  depths  density  of  cryptic  abalone  is  estimated  at  39% 
(Tables  4  and  5).  In  comparison,  red  abalone  at  Johnsons  Lee  in 
1978  to  1982  were  65%  cryptic  ( 1,790  invasive  and  632  emergent 
abalone-per-ha,  Tegner  et  al.  1989).  The  larger  density  of  cryptic 
abalone  in  areas  without  refuge  may  result  from  fishing  down  of 
exposed  emergent  animals.  An  alternate  explanation  for  these  dif- 
ferences could  be  the  result  of  differences  in  rugosity  providing 
more  cryptic  habitat. 

Invasive  Survey  Density  and  Size  Comparisons — Northern  California 
versus  Southern  California 

Invasive  size-density  distributions  allow  direct  comparison  of 
YOY  recruitment.  Invasive  surveys  at  VDSP  showed  similar  levels 
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Figure  7.  Density  by  size  of  emergent  1982  red  abalcine  from  Van 
Damme  State  Park  and  .Johnsons  Lee.  Johnsons  I^ee  1978-1982  (Teg- 
ner  et  al.  1989)  and  .lohnsons  Lee  1993  (California  Department  of  Fish 
and  Game  data).  N  =  number  of  transects;  n  =  number  of  abalone 
measured. 


of  YOY  recruitment  at  shallow  transects  (666  abalone-per-ha.  or 
6%  of  total  density)  and  at  deep  transects  (446  abalone-per-ha.  or 
4%  of  total  density)  (Table  4).  In  contrast,  YOY  at  Johnson's  Lee 
in  1978  to  1982  averaged  176  (SE  =  190)  abaloiie-pei--ha.  com- 
prising 10%  of  total  density  (Tegner  et  al.  1989).  Thus,  the  pei- 


centage  of  I'eci'uits  at  VDSP  was  smaller  than  at  Johnson's  Lee.  hut 
the  actual  density  of  recruits  was  over  three  times  greater  (Fig.  8). 
Invasive  survey  size-density  distributions  also  allow  compari- 
son of  the  densities  of  sport  legal  (>178  mm)  and  commercial  legal 
(>197  mm)  abalone.  At  the  VDSP  shallow  invasive  stations,  16% 
were  sport  legal  and  3%  were  commercial  legal  (Table  4).  At  the 
VDSP  deep  stations.  43%  were  sport  legal  and  18%  were  com- 
mercial legal  (Table  4).  These  results  demonstrate  that  refuge  by 
depth  combined  with  a  period  of  good  recruitment  in  northern 
California  protects  large  adults  from  harvest  at  three  times  the 
density  found  at  fished  depths.  At  Johnsons  Lee  in  1978  to  1982, 
13%  (270.  SE  =  130  abalone-per-hal  were  sport  legal  and  3%  (50, 
SE  =  35  abalone-per-ha)  were  commercial  legal  (Tegner  et  al. 
1989). 

Depth  Refuge  Effectiveness  in  Stock  Abundance  and  Sustainability 

Indirect  proof  of  the  large-scale  positive  effects  of  refuge  can 
be  seen  in  abundance  differences  and  cun'ent  status  of  the  fisheries 
in  the  areas  of  California  beyond  those  we  examined  for  time 
series  comparisons.  Point  Cabrillo  Reserve  is  the  largest  no-take 
refuge  in  northern  California  (Fig.  2).  In  1986,  emergent  red  aba- 
lone abundance  at  this  location  was  12.139  (SE  =  1.615)  abalone- 
per-ha  (Fig.  9).  This  was  more  than  twice  the  emergent  density  at 
four  popular  sport  use  areas  that  included  VDSP  surveyed  in  1986 
(Parker  et  al.  1988).  When  we  examine  areas  without  refuge,  such 
as  SCI  and  SRI  in  southern  California,  their  densities  are  now  at 
critically  low  levels  that  can  no  longer  support  fisheries. 

CONCLUSIONS 

Refuge  by  depth  protected  red  abalone  stocks  from  overharvest 
at  VDSP.  an  area  where  red  abalone  densities  increased  despite 
intense  fishing  pressure.  In  contrast,  stocks  off  SRI,  where  no 
refuge  existed,  ultimately  collapsed  under  intense  fishing  and  en- 
vironmental events.  At  VDSP.  the  high  densities  of  deep  water 
sport  legal  abalone.  which  are  protected  from  fishing,  may  repre- 
sent the  type  of  refuge  population  needed  to  survive  sporadic  re- 


TABLE  4. 

Red  abalone  densities  and  sampling  statistics  for  invasive  dive  transects  at  Van  Damme  State  Pari*  (1990  to  1992)  and  Johnsons  Lee,  Santa 
Rosa  Island  (1978  to  1982  from  Tegner  et  al.  1989).  YOV  and  harvested  sizes  as  percent  of  total  counts. 


Species  (Size 

No.  of 

Meas. 

Counts 

Density 

Location  (Depth) 

Categories) 

Trans. 

n 

n 

No./ha 

SE 

%  Total 

Vail  Damme  State  Park 

(Shallow:  1.8-7.6  m) 

All  sizes 

33 
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389 

11.788 

1.476 

(YOY  <  31 

mm) 

27 

TT 
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6 

(>177  mm) 

5\ 

64 

1 .939 
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16 

OI98  mm) 

12 

13 
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\M 

3 

(Deep:  8.5-17.7  mj 

All  sizes 

27 
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II. Ill 

2.4S0 

(YOY  <}\ 

mm) 

15 

12 
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4 

0177  mm) 
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1.30 

4,830 
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43 
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62 

55 
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18 
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All  sizes 

60 
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11.483 

1.368 

(YOY  <  .^1 

mm) 

42 

31 
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5 

OI77  mm) 
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3.261 

305 

28 

(>]9X  mm) 

74 

68 
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13 

J.  Lee  .SRI  (Tegner  cl  al.  1989) 

All  sl/es 

S.^ 

1-W2 

1,790 
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Comparison  of  emergent  to  invasive  density  for  red  abalone  at  Van  Damme  State  Parlv,  during  1990  to  1992  when  both  emergent  and 

invasive  stations  were  conducted. 


Location  (Depth  and  Source) 


Number  of 
Transects 


Densitv 


SE 


'7f  Cryptic 


Van  Damme  State  Park 

(Shallow) 

(Deep) 

(Combined) 
J.  Lee  SRI  (Tegner  et  al.  1989) 


34 
40 
74 
83 


7.765 

6,425 

7,041 

632 


856 

1,051 

691 


34 
42 
39 

65 


cruitment  and  periods  of  environmental  stress.  In  1986,  stocks  at 
VDSP,  and  at  other  high  use  areas  of  northern  California  e,\am- 
ined  by  Parker  et  al.  (1988),  showed  lower  juvenile  and  adult 
abundance  relative  to  recovered  levels  observed  at  VDSP  by  1992. 
The  fact  that  even  the  reduced  1986  levels  were  five  times  the 
abundance  observed  at  the  Johnsons  Lee  study  area  in  1978  to 
1982.  a  population  that  failed  to  sustain  fisheries,  supports  the 
value  of  refuge  for  recruitment  and  environmental  uncertainty. 

Our  study  examined  refuge  by  depth.  How  other  forms  of  ref- 
uge may  protect  stocks  is  unresolved.  Habitat  refuge,  in  the  form 
of  crevice  or  relative  rugosity,  and  refuge  by  access  must  be  con- 
sidered in  future  studies. 

Minimum  Viable  Populations 

Maintenance  of  genetically  effective  population  size  is  compli- 
cated by  decreased  spawning  aggregations  (Frankel  and  Soule 
1981,  Shepherd  and  Brown  1996).  A  study  on  southern  Australia 
abalone  H.  laevigata  suggested  adults  aggregated  to  improve 
spawning  success  (Shepherd  1986).  There  is  evidence  that  sea 
urchin,  a  broadcast  spawner,  must  be  in  within  a  meter  of  one 
another  (Pennington  1985)  for  successful  fertilization.  Shepherd 
and  Brown  (1993),  working  with  H.  laevigata,  defined  aggrega- 
tions as  three  or  more  large  individuals  (>110  mm  shell  length) 
less  than  I  m  apart.  They  found  that  aggregations  declined  over  7 
years  from  67  to  16%  when  density  declined  from  1,800  to  700 
abalone-per-ha.  They  explained  that  effecti\e  population  size  de- 
chned  more  rapidly  than  true  population  as  density  declined.  When 
densities  fell  below  about  1.000  abalone  per-ha  spawning  aggre- 
gations disappeared  and  recruitment  failure  occurred. 

Refugia  and  Stock  Recovery  in  Southern  California 

Shepherd  and  Brown  (1993)  discussed  the  possible  benefits  of 
completely  closed  areas  with  "source  populations" "  of  abalone  that 
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Figure  8.  Red  abalone  density  by  size  from  invasive  transects  at 
Johnsons  Lee  (Tegner  et  al.  1989)  and  Van  Damme  State  Park.  N  = 
number  of  transects:  n  =  number  of  abalone  measured. 


could  serve  to  replenish  adjacent  areas  subject  to  fishing.  Refuge 
by  depth  seems  to  work  for  red  abalone  in  northern  California.  In 
southern  California,  refuge  by  depth  could  be  applied  to  pink 
abalone.  Pink  abalone  may  be  the  best  southern  California  candi- 
date, because  it  closely  resembles  the  depth  range  of  red  abalone 
in  northern  California.  Pink  abalone  occur  in  the  lower  intertidal 
zone  to  60  m  in  depth;  most  are  found  subtidally  at  depths  of  6  to 
24  m  (Cox  1960,  1962,  Tutschulte  1976).  Green  abalone,  the  other 
once  major  species  in  southern  California,  may  exist  at  depths  that 
are  too  shallow  to  be  well  protected  from  free  divers  able  to  reach 
depths  of  8.5  m.  Green  abalone  are  found  from  low  intertidal  to 
subtidal  depth  zones  to  about  9  m,  and  occasionally  to  15  to  18  m. 
but  most  are  found  in  3  to  6  m  of  water  (Cox  1960,  1962,  Tut- 
schulte 1976). 

Marine  Protected  Areas  (MPA} 

Single  species  refuges  may  be  a  poor  alternative  used  to  pro- 
mote recovery  of  red  abalone  stocks  in  southern  California.  Ini- 
tially protected  areas  must  contain  or  be  close  to  sources  of  ge- 
netically effective  populations  to  allow  recovery.  The  presence  of 
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Figure  9.  Emergent  red  abalone  density  at: 

(1)  Point  Cabrillo  Reserve,  Mendocino  County  in  1986  (N 
(Parker  et  al.  1988): 

(2)  four  high  use  sites  in  Sonoma  and  Mendocino  Counties,  including 
Van  Damme  State  Park  (\  DSP)  (Parker  et  al.  1988); 

(3)  Sonoma  and  Mendocino  Counties  sampled  in  1989  (Kalvass  et  al. 
1991)  and  1991  (Kalvass  and  Taniguchi  1993)  (N  =  66): 

(4)  VDSP,  Mendocino  County,  in  1986  and  1990  to  1992  (N  =  120): 

(5)  Gull  Island  on  Santa  Cruz  Island  in  1997  (N  =  12)  (Channel  Island 
National  Parks  [CINP]  unpublished  data): 

(6)  Johnsons  Lee,  Santa  Rosa  Island  (JL,  SRI)  in  1978  to  1992  (N  =  83) 
(Tegner  et  al.  1989): 

(7)  JL.  SRI  in  1993  (N  =  24)  (CINP  Unpublished  data); 

(8)  JL,  SRI  in  1993  (N  =  17)  (California  Department  of  Fish  and  Game 
unpublished  data). 
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such  competitors  and  predators  as  sea  urchin,  tlshes.  lobsters,  oc- 
topus, and  crabs  are  vital  to  the  health  of  the  kelp  community 
supporting  abalone  populations  (Dayton  et  al.  1998).  Sea  urchin 
barrens,  areas  where  large  numbers  of  sea  urchin  congregate,  have 
a  serious  derogatory  effect  on  abalone  populations.  Barrens  de- 
velop where  the  marine  community  structure  has  been  degraded  by 
urchin  predator  removal  (Dayton  et  al.  1998,  Tegner  1989).  Where 
food  of  sea  urchins;  for  example,  kelps  and  other  vegetation,  are 
low,  sea  urchins  will  compete  with  one  anther  (Tegner  1989,  Wil- 
son and  North  1983).  and.  less  mobile  abalone  may  be  out  com- 
peted. During  prolonged  episodes  of  starvation,  sea  urchins  are 
able  to  survive  on  minimal  water-borne  nutrients;  whereas,  aba- 
lone cannot.  Even  if  food  is  not  limiting,  it  may  be  unavailable 
because  the  more  mobile  sea  urchins  will  obtain  the  food  first. 
Once  this  situation  occurs,  reestablishment  of  abalone  is  difficult, 
because  sea  urchins  out  compete  other  herbivores  indefinitely 
(Tegner  1989). 


To  reestablish  and  maintain  the  natural  order,  reestablishment 
of  the  whole  marine  community  must  occur,  allowing  natural  pro- 
cesses to  control  predator-prey  relationships.  This  concept  is  in- 
herent in  the  establishment  of  marine  protected  areas.  Such  areas, 
once  established  in  areas  with  source  populations,  could  enhance 
surrounding  areas  open  to  harvest.  Properly  planned  and  protected. 
these  areas  could  provide  insurance  against  virtual  total  annihila- 
tion of  California's  marine  community. 
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ABSTR.ACT  The  white  abalone.  Haiiolis  sorenseni.  seems  to  he  on  the  brink  of  e.xtinction.  We  searched  107.630  nr  of  white  abalone 
habitat  at  .^9  locations  around  the  California  Channel  Islands,  the  species'  historical  center  of  abundance.  At  SCUBA  depths,  25^2 
m,  where  mean  densities  in  the  1970s  were  2.000  to  10,000  white  abalone  per  hectare,  we  found  a  mean  density  of  1,6  ±  0.5  ha"'  in 
the  early  1990s.  Surveys  conducted  by  submersible  in  1996  and  1997  at  depths  of  27-67  m  revealed  the  same  extremely  low  population 
densities  { 1 .0  ±  0.4  ha" ' ),  in  a  remarkably  narrow  band  of  suitable  habitat  on  deep  reefs,  and  demonstrated  the  suitability  of  the  research 
submersible  DELTA  for  abalone  surveys.  Following  a  270  metric  ton  commercial  harvest  in  the  1970s,  landings  of  white  abalone 
vinually  ceased.  No  fishery-independent  population  assessment  was  made  until  1992  to  1993,  and  the  fishery  remained  open  until  1996. 
The  management  scheme,  based  on  a  minimum  harvest  size  of  153  mm  and  a  closed  season  during  spawning,  apparently  failed  to 
protect  adequate  spawning  stock  density.  The  population  has  not  reco\ered  from  the  harvest,  and  the  survivors  are  currently  dying  of 
old  age.  Spontaneous  recovery  is  highly  unlikely,  even  in  the  absence  of  continued  hardest.  Active  management  intervention  will  be 
required  to  prevent  extinction  and  to  restore  the  species  to  a  viable  status.  We  identify  a  program  of  capture  rearing  and  refugia-based 
management,  with  a  public  education  component  and  using  existing  governmental  processes,  to  restore  the  white  abalone  population. 

KEY  WORDS:     extinction,  restoration,  fishery,  California  Channel  Islands 


INTRODUCTION 

Only  in  the  last  few  years  has  the  scientific  coniinunity  con- 
sidered human-mediated  extinction  possible  for  invertebrates 
(Malakoff  1997),  People  believed  that  their  large  geographic 
ranges,  high  fecundity,  and  planktonic  dispersal  made  marine  in- 
vertebrates essentially  "e.xtinction-proof,"  Fishery  management 
strategies  based  on  these  beliefs  have  treated  the  reproductive  ca- 
pacities of  old,  large,  and  extremely  fecund  individuals  as  surplus 
and  nonessential  for  sustaining  populations  of  long-lived  species. 
Evidence  of  fished  populations  collapsing  worldwide  now  chal- 
lenges those  beliefs  iParfit  1995.  Botsford  et  al.  1997). 

Following  a  270  metric  ton  harvest  in  the  1970s,  white  abalone. 
Haliotis  sorenseni.  dropped  to  a  critically  low  population  density 
(1.6  ha"')  on  reefs  near  its  historic  center  of  distribution  (Davis  et 
al.  1996).  White  abalone  are  the  deepest-dwelling  of  eight  species 
on  the  Pacific  Coast  of  North  America.  They  inhabit  low  relief 
rocky  reefs  mainly  at  depths  of  25-65  m  around  offshore  islands 
between  Point  Conception,  California  to  Punta  Eugenia,  Baja  Cali- 
fornia Sur  (Cox  1962).  Because  much  of  the  white  abalone  habitat 
lies  below  normal  scientific  SCUBA  diving  depth  (.32  m)  and 
commercial  harvests  in  the  1970s  were  reportedly  taken  from 
depths  of  60  m.  we  hoped  to  find  remnant  groups  of  white  abalone 
at  sustainable  population  densities  (>5.000  ha"')  in  depths  of  30- 
65  m.  This  report  describes  the  results  of  deep  reef  surveys  for 
white  abalone  using  the  research  submersible  DELTA,  identifies 
actions  needed  to  restore  viable  populations  and  prevent  white 
abalone  extinction,  and  describes  a  novel  effort  to  initiate  these 
actions. 

METHODS 

In  November  1996  and  October  1997  we  searched  white  aba- 
lone habitat  on  low  relief  rocky  reefs  near  Santa  Barbara.  Anacapa. 
and  Santa  Cruz  Islands  and  on  Osborn  Bank  from  the  research 
submersible  DELTA  (Delta  Oceanograpics,  Channel  Islands  Har- 
bor. CA).  Each  dive  provided  60  to  120  minutes  of  observation 


that  were  continuously  recorded  on  video,  indicating  depth  and 
ambient  water  temperature.  The  position  of  the  R/S  DELTA  was 
tracked  continuously  using  a  differential  global  positioning  system 
with  a  sonar  link  to  a  surface  support  vessel  to  determine  where 
and  how  much  habitat  was  searched.  We  recorded  the  number  and 
size  of  live  white  abalone  and  estimated  the  number  of  white 
abalone  shells  found,  because  they  were  frequently  broken  and 
partially  covered  by  sand. 

RESULTS 

We  conducted  a  total  of  24  dives  over  6  days,  searched  77.050 
m"  of  rocky  reef  believed  to  be  white  abalone  habitat  between  30 
and  67  m  depth,  and  found  nine  live  white  abalone  (Table  1 ).  We 
found  live  white  abalone  between  depths  of  38  and  51  m  (mean 
depth  45  m).  They  were  all  larger  than  150  mm.  We  also  observed 
more  than  300  empty  white  abalone  shells  throughout  the  depth 
range  searched,  indicating  that  the  survey  sites  were  previously 
inhabited  by  white  abalone.  Suitable  abalone  habitat;  that  is,  rocky 
reef,  was  restricted  to  a  relatively  narrow  band  (<400  m  wide), 
within  the  reported  depth  limits  of  white  abalone.  At  Santa  Cruz 
and  Anacapa  Islands,  most  areas  below  50  m  depth  appeared  un- 
suitable for  abalone,  virtually  devoid  of  macro  algae,  and  domi- 
nated by  suspension-feeding  organisms,  primarily  brittle  stars 
(ophiuroids)  and  sponges.  At  Osborn  Bank  and  Santa  Barbara 
Island,  apparently  suitable  habitat  extended  down  to  67  m. 

DISCUSSION 

The  rapid  spread  of  modem  diving  technology  in  the  midtwen- 
tieth  century  greatly  facilitated  abalone  exploitation  (Cicin-Sain  et 
al.  1977).  Just  25  years  ago.  California  divers  and  shore  pickers 
gathered  4,000  to  5.000  metric  tons  of  abalone  every  year,  creating 
recreational  and  commercial  fisheries  worth  more  than  $20  million 
annually.  In  Southern  California,  as  supplies  of  popular  pink  (H. 
ciirrngata)  and  red  (H.  rufescens)  abalone  began  to  wane  in  the 
early  1 970s.  divers  explored  deeper  reefs  for  the  even  more  valu- 
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TABLE  1. 
Summary  of  white  abalone  liabitat  surveys  in  R/S  DELTA. 


DELTA 

Location 

Dive 

Habitat 
Surveyed 

White 

Dive 

Depth 

Duration 

Abalone 

Number 

Date 

Latitude/Longitude 

(m) 

(min) 

(m^) 

Found 

3945 

3  Nov  96 

34°00.383'N/I19'26.439"W 

46-61 

121 

5,200 

0 

3946 

3  Nov  96 

33°59.926'N/119°22.150'W 

31-61 

84 

2.850 

0 

3947 

3  Nov  96 

33°59.994'N/119°23.24rW 

43 

97 

4,300 

2 

3948 

3  Nov  96 

33°59.826'N/119°25.113'W 

39-J3 

113 

5,300 

0     ' 

3949 

4  Nov  96 

34°00.28rN/119°26.408'W 

43-+7 

112 

4,800 

1 

3950 

4  Nov  96 

34°01.954'N/119°30.558"W 

43-+6 

76 

2,550 

0 

3951 

4  Nov  96 

33°59.229'N/119°31.316"W 

44-56 

92 

4,100 

0 

3952 

4  Nov  96 

33°59.029'N/119°33.781"W 

37-66 

116 

2,150 

0 

3953 

5  Nov  96 

33°56.68rN/119°49.736'W 

33-61 

97 

3,000 

0 

3954 

5  Nov  96 

33°56.810'N/119°46.057'W 

31-61 

65 

700 

0 

3955 

5  Nov  96 

33°57.037'N/119°43.02rW 

49 

119 

4,000 

0 

3956 

5  Nov  96 

34°00.135'N/119°30.556'W 

49 

73 

3,650 

2 

3957 

6  Nov  96 

34°00.615'N/119°24.462'W 

31-67 

122 

2,800 

0 

3958 

6  Nov  96 

34°00.885'N/119°26.954'W 

37-19 

90 

2.750 

0 

3959 

6  Nov  96 

34°00.383'N/119°26.439'W 

31^8 

97 

2,200 

0 

4250 

190ct97 

33°21.562'N/119°02.458'W 

47-67 

89 

4,050 

0 

4251 

19  Oct  97 

33°27.906'N/119°03.127W 

35-14 

83 

1,450 

0 

4252 

190ct97 

33'29.594'N/119^^04.057W 

35-47 

93 

3,675 

1 

4253 

19  Oct  97 

33^30.459'N/119°02.998W 

44-60 

91 

3,000 

0 

4254 

19  Oct  97 

33''29.982'N/119°00.034W 

45-56 

82 

350 

0 

4255 

20  Oct  97 

33°27.575'N/119°02.167W 

37-60 

101 

4,150 

0 

4256 

20  Oct  97 

33°27.408'N/119°02.146W 

31-50 

65 

2,400 

1 

4257 

20  Oct  97 

33°29.562'N/119°00.942W 

32-52 

103 

4,875 

2 

4258 

20  Oct  97 

33°29.90rN/119°03.754W 

51-62 

60 

2,750 

0 

Total 

2.24) 

77,050 

9 

able  white  abalone.  In  1972,  commercial  divers  alone  landed  more 
than  60  metric  tons  of  white  abalone  (Davis  et  al.  1996).  After  just 
7  years,  the  original  adult  populations  were  exhausted,  and  white 
abalone  catches  dropped  to  near  zero. 

No  one  worried,  because  it  was  believed  there  must  be  even 
deeper,  more  isolated  reefs  where  divers  did  not  go.  so  some  white 
abalone  would  escape  fishing,  and  eventually  their  reproduction 
would  replace  those  taken  by  divers.  People  also  believed  that 
because  white  abalone  are  so  fecund,  with  individual  females  pro- 
ducing 3.6  to  6.5  million  eggs  a  year  (Tutschulte  and  Connell 
1981 ).  only  a  few  survivors  would  be  needed  to  restore  depleted 
populations.  California's  fishing  regulations  were  believed  to  en- 
sure this  survival  by  prohibiting  harvest  of  white  abalone  under  si.x 
inches  (152  mm)  in  length  and  during  only  3  months  per  year. 
These  beliefs  now  seem  false. 

California's  abalone  management  strategy  disregarded  the  Al- 
ice Effect,  reproductive  failure  that  occurs  below  some  threshold 
of  population  density.  The  surviving  white  abalone,  although  pro- 
tected by  size  and  season  limits,  were  so  few  and  so  scattered  they 
could  not  find  mates,  and  now  they  are  dying  of  old  age.  isolated 
and  alone  on  small  deep  reefs.  This  incredibly  fecund,  long-lived 
species  is  now  facing  extinction.  California's  annual  economy  has 
lost  millions  of  dollars,  and  the  people  of  California  have  lost  the 
equivalent  of  a  multimillion  dollar  capital  asset  that  once  produced 
the  annual  landings. 

The  white  abalone's  decline  has  been  exceptionally  rapid  and 
severe.  When  Tutschulte  (1976)  began  studying  white  abalone 
populations  in  the  early  1970s,  he  found  mean  densities  of  2,000  to 
10,000  ha^'  on  reefs  at  depths  of  26  m  to  42  m  around  the  Cali- 
fornia Channel  Islands.  In  the  early  1980s,  National  Park  Service 


and  California  Department  of  Fish  and  Game  scientists  surveying 
the  new  Channel  Islands  National  Park  found  white  abalone  popu- 
lation density  had  shrunk  to  only  21  ha"'.  Ten  years  later,  white 
abalone  teetered  on  the  brink  of  extinction:  with  an  average  of  only 
1.6  ha"'  of  rocky  reef  (Davis  et  al.  1996).  The  mean  density  of  one 
white  abalone  per  hectare  reported  here  for  reefs  below  3 1  m  was 
slightly  lower  than  that  observed  at  SCUBA  depths  in  1992  to 
1993.  These  submersible  surveys  confirmed  the  critically  low 
population  density,  and  demonstrated  the  absence  of  de  facto  refu- 
gia  beyond  normal  SCUBA  depths.  White  abalone  populations 
have  decreased  99.999^  in  the  last  25  years.  If  current  population 
densities  at  the  California  Channel  Islands,  the  historic  population 
center,  are  typical  of  the  entire  range,  a  crude  calculation  of  suit- 
able habitat  within  the  species  range  reveals  that  fewer  than  1 .000 
white  abalone  may  exist  today,  scattered  sparsely  along  nearly  800 
km  of  naiTow  coastal  shelf  from  Point  Conception  to  Punta  Euge- 
nia (Table  2). 

As  do  many  sessile  or  slow-moving  marine  bottom-dwellers, 
abalones  have  external  fertilization  and  spawn  synchronously  en 
masse.  Females  must  be  within  a  few  meters  of  males  when  they 
both  spawn  to  get  their  eggs  fertilized,  or  the  sperm  will  be  too 
diluted  by  diffusion  (Davis  et  al.  1996).  Because  adult  abalone 
move  very  little  and  because  the  average  distance  between  solitary 
adults  is  currently  more  than  50  meters,  the  last  remaining  survi- 
vors have  virtually  no  chance  of  getting  critical  masses  of  adults 
close  enough  to  spawn  successfully  and  regularly  produce  viable 
cohorts  of  juveniles.  Even  if  rules  prohibiting  further  fishing  for 
abalone  were  completely  effective  (i,e,,  no  poaching),  white  aba- 
lone will  not  likely  produce  another  viable  cohort  without  human 
intervention.  The  last  large  cohort  of  white  abalone  was  apparently 
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TABLE  2. 

Estimated  total  area  (if  white  ahaloiie  liahllat  lrock>  reef  25-65  m  depth)  within  the  species  historic  range  from  Point  Conception  to 

I'unta  Eugenia. 


Shelf  Length  at 

Total 

Potential 

25-65  m  Hepth 

Mean  Shelf 

Shelf  Area 

White  Abalone 

Contour  Ikm) 

Width  Ikm) 

(ha) 

Habitat  (ha)" 

75 

0.5 

.^.750 

112 

34 

0.3 

1,020 

31 

61 

0.4 

2,440 

73 

40 

0.3 

1.200 

36 

34 

0.2 

680 

20 

42 

0.3 

1 .260 

38 

34 

0.3 

1.020 

31 

23 

0.3 

690 

21 

90 

0.4 

3.600 

108 

53 

0.5 

2.650 

80 

41 

0.5 

2.050 

62 

83 

0.4 

3.320 

100 

33 

0.4 

1.320 

40 

17 

0.2 

340 

10 

21 

0.4 

840 

25 

19 

0.4 

760 

23 

70 

0.4 

2,800 

84 

60 

0.4 

2.400 

72 

HM) 

32,140 

966 

Location 

Pt.  Conception  to  Santa  Barbara 

San  Miguel  Island 

Santa  Rosa  Island 

Santa  Cruz  Island 

Anacapa  Island 

San  Nicolas  Island 

Santa  Barbara  Island 

Osbom  Bank 

Santa  Catalina  and  Famsworth  Bank 

Bishop  Rock 

Tanner  Bank 

Cortez  Bank 

San  Clemente  Island 

Islas  Los  Coronados 

Islas  de  Todos  Santos 

San  Martin 

Cedros 

Punta  Eugenia 

Total 

"  Potential  white  abalone  habitat  estimated  as  the  rocky  substratum  between  25  and  65  depth  contours,  reported  as  3%  of  total  shelf  by  Thompson  et  al. 
for  the  Southern  California  Bight  (1993). 


spawned  in  the  late  1960s  (Davis  et  al.  1996).  Given  their  35-year 
life  span  (Tutschulte  1976.  Tutschulte  and  Connell  1988),  survi- 
vors of  the  1970s  fishing  cannot  live  much  longer. 

ACTION  PLAN  TO  SAVE  AND  RESTORE  WHITE  ABALONE 

The  Mexican  white  abalone  fishery  apparently  collapsed  in 
1995.  The  following  year,  the  California  Fish  and  Game  Commis- 
sion also  recognized  the  plight  of  white  abalone  and  closed  the 
California  fisherv'  to  protect  the  survivors.  Those  were  essential 
first  steps,  but  alone  are  insufficient  to  save  and  restore  white 
abalone,  because  the  population  is  so  severely  depleted.  Even  after 
20  years  of  passive  protection,  abalone  populations  along  a  large 
section  of  the  Orange  County  coast  of  California  closed  to  all 
abalone  harvest  in  1977  have  not  yet  shown  any  sign  of  sponta- 
neous recovery  (Tegner  1993).  Clearly,  more  proactive  actions 
must  be  taken  to  prevent  white  abalone  extinction  and  to  rebuild 
populations  to  the  point  they  can  once  again  support  fisheries. 
Given  the  perilous  current  population  densities,  white  abalone  bi- 
ology, and  that  spontaneous  recovery  is  virtually  impossible,  an  ad 
hoc  group  of  scientists,  attorneys,  and  fishermen  from  the  United 
States  and  Mexico,  representing  fishing  cooperatives,  conservation 
organizations,  universities,  and  federal  and  state  agencies,  and 
mariculturists  in  private  enterprise,  has  joined  forces  as  the  White 
Abalone  Working  Group  to  develop  and  execute  a  plan  to  restore 
white  abalone  populations. 

They  have  developed  a  four-step  strategy  based  on  public  edu- 
cation, existing  governmental  processes,  and  research.  The  four 
steps  are:  (1)  locate  survivors  by  surveying  historic  habitat;  (2) 
collect  brood  stock  from  the  survivors;  (3)  breed  and  rear  a  new 
generation  of  brood  stock;  and  (4)  re-establish  refugia  of  self- 
sustaining  brood  stocks  in  the  wild.  Laying  the  foundation  for 
white  abalone  restoration  will  take  10  to  15  years.  Actual  popula- 


tion recovery  will  take  an  additional  decade  or  more.  All  four  steps 
must  be  taken  to  ensure  success.  Without  these  actions,  white 
abalone  will  probably  be  extinct  by  2004,  less  than  10  years  from 
now,  only  64  years  after  its  discovery  by  science. 

Educational  Outreach 

Ignorance  has  been  the  worst  enemy  of  the  white  abalone  so 
far;  what  scientists,  decision  makers,  and  the  public  don't  know 
has  almost  sealed  the  species'  fate.  White  abalone  survival  is 
doubtful  unless  public  interest  increases  imtuediately.  An  outreach 
program  must  reach  a  broad  audience  of  legislators,  marine  re- 
source managers,  potential  funders,  and  the  general  public,  includ- 
ing divers,  school-age  children,  and  senior  citizens.  An  education 
program  must  describe  the  plight  of  white  abalone.  explain  why 
restoration  is  needed  (e.g.,  to  get  past  denial  that  fishing  caused  the 
population  collapse),  and  raise  public  awareness  of  the  resources  at 
risk.  This  education  program  is  especially  important,  because  the 
public  has  been  far  more  responsive  to  calls  for  conserving  large, 
charismatic  mammals  and  birds  (such  as  whales  and  eagles)  than 
invertebrates.  Fortunately,  abalones  are  exceptionally  charismatic 
invertebrates.  They  are  large,  have  beautiful  iridescent  shells  that 
have  long  been  used  for  ritual  and  decorative  purposes,  have  al- 
most mythic  status  as  food  in  California  and  Asia,  and  are  conse- 
quently better  known  than  most  invertebrates.  White  abalone  can 
also  be  portrayed  accurately  as  leading  indicators,  or  symptoms,  of 
broader  environmental  issues.  To  reach  a  broad  audience,  the  pro- 
gram should  employ  a  variety  of  communication  media,  including 
video,  radio,  museum  exhibits,  and  the  press. 

Governmental  Processes 

Governmental  institutions  are  overwhehned  with  critical  envi- 
ronmental, social,  and  economic  issues.  Even  the  process  of  iden- 
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tifying  endangered  species  is  backlogged.  Current  discussions  of 
reauthorization  of  the  Federal  Endangered  Species  Act  further  de- 
lay recovery  actions  and  reduce  the  probability  of  adequate  public 
funding  for  restoration.  Because  white  abalone  are  publicly  owned 
resources,  governmental  agencies  should  lead  the  restoration  ef- 
fort, but  the  proposed  restoration  of  a  marine  invertebrate  is  es- 
sentially unprecedented.  The  National  Marine  Fisheries  Service  of 
the  Commerce  Department's  National  Oceanic  and  Atmospheric 
Administration  is  responsible  for  listing  and  recovering  listed  spe- 
cies under  the  Endangered  Species  Act  of  1973,  but  the  National 
Marine  Fisheries  Service  has  yet  to  list  a  marine  invertebrate  under 
the  act,  and  has  rejected  all  requests  to  do  so.  Therefore,  the 
working  group  believes  it  is  not  prudent  to  rely  solely  on  govern- 
ment to  rescue  white  abalone  and  proposes  a  collaboration  be- 
tween government  and  private  interests. 

Three  appropriate  levels  of  government  need  to  be  involved  in 
white  abalone  restoration  activities:  state,  federal,  and  interna- 
tional. Each  level  has  existing  administrative  mechanisms  for  ad- 
dressing threats  to  species,  such  as  listing  procedures  for  threat- 
ened and  endangered  species,  and  planning  processes  for  restoring 
depleted  populations.  Legislation  and  regulation  at  all  levels  are 
also  options  for  white  abalone  protection  and  restoration,  because 
it  occurs  in  and  beyond  California's  territorial  sea  in  federal  waters 
and  in  Mexico.  At  the  state  level,  people  are  working  actively  to 
secure  passage  of  legislation  that  would  protect  all  of  California's 
marine  resources,  including  abalone,  by  establishing  a  network  of 
no-take  marine  reserves,  by  requiring  the  collection  of  fundamen- 
tal data  on  population  dynamics  prior  to  the  prosecution  of  a  fish- 
ery, and  by  labeling  certain  fishing  practices  (e.g.,  shrimp  trawl- 
ing) as  "sea  life  destructive"  in  the  marketplace  (Keeley  1997),  In 
federal  waters,  others  are  working  to  establish  no-take  marine 
reserves  and  to  designate  essential  fish  habitat  that  would  trigger 
consultation  with  agencies  contemplating  projects  that  have  the 
potential  to  harm  it,  leading  to  recommendations  to  protect  habitat. 
On  the  international  level,  diplomatic  discussions  with  Mexico 
must  begin.  Surviving  white  abalone  must  be  protected  from  fish- 
ing there  as  well  as  in  the  United  States.  Mexican  scientists  must 
be  encouraged  to  participate  m  habitat  surveys  and  other  restora- 
tion activities. 

The  ad  hoc  group  is  exploring  new  territory  with  this  effort  by 
combining  public  and  private  interests  in  the  restoration  process. 
Rules  of  engagement  to  establish  limits  of  authority,  responsibility, 
liability,  and  benefits  must  be  clarified  and  reviewed  to  ensure  that 
all  interests  are  appropriately  served  and  all  interested  parties  are 
allowed  to  participate.  For  example:  is  new,  critical  information  on 
breeding  biology  of  white  abalone  made  possible  froin  publicly 
provided  brood  stock  and  developed  by  private  interests  propri- 
etary? As  brood  stock  are  collected  from  the  wild,  how  will  private 
facilities  qualify  to  receive  them?  For  example,  many  California 
abalone  culture  facilities  are  currently  plagued  by  alien  sabellid 
worms  that  would  preclude  using  brood  stock  raised  in  these  fa- 
cilities from  being  released  in  the  wild.  How  many  facilities  are 
needed  to  spread  the  risk  of  extinction  in  captivity? 

Research  and  Restoration 

White  abalone  restoration  depends  on  acquiring  crucial  new 
information  about  the  species'  reproductive  biology  and  ecology 
and  then  applying  that  information  to  rebuild  depleted  populations. 
Building  on  a  firm  foundation  of  public  knowledge  and  support, 
restoration  requires  that  all  four  steps  of  the  strategy  be  executed. 
Although  these  four  steps  must  take  place  sequentially,  they  should 
be  Iniked  to  reduce  costs  and  the  uncertainty  of  success. 


The  first  step  in  restoration  is  to  find  the  survivors.  The  White 
Abalone  Working  Group  weighed  the  options  of  moving  individu- 
als to  facilitate  successful  reproduction  in  the  field  and  of  spawn- 
ing and  rearing  individuals  to  captive  breeding  facilities.  They 
decided  that  the  former  was  far  too  likely  to  fail,  given  the  high 
likelihood  that  these  animals  will  not  produce  juvenile  recruits 
before  they  die,  even  if  they  were  to  spawn  successfully.  Many 
long-lived  organisms  do  not  reproduce  each  year,  and  even  those 
that  do  fail  in  most  years  to  produce  young  that  will  enter  the 
breeding  population.  The  absence  of  any  white  abalone  produced 
after  the  late  1960s  suggests  that  recruitment  in  this  species  is  too 
unreliable  to  opt  for  in  situ  breeding  at  this  time.  Captive  breed- 
ing— even  with  the  different  set  of  risks  it  entails — is  the  preferred 
option  for  now. 

Soon  after  the  population  is  surveyed,  brood  stock  need  to  be 
collected  for  captive  breeding,  ideally  a  few  hundred  individuals, 
and  held  until  synchronous  spawning  in  captivity  can  produce  the 
next  generation  (Leighton  1972,  Leighton  and  Lewis  1982).  If 
more  than  a  few  hundred  survivors  are  found,  the  additional  indi- 
viduals inay  be  translocated  to  a  few  refugia  reefs  where  they  can 
be  protected,  creating  denser  populations  and  thus  facilitating  //; 
situ  reproduction.  Adult  survivors  collected  from  the  wild  will  be 
used  to  produce  the  next  generation  of  brood  stock,  either  from 
captive  breeding  with  progeny  returned  to  the  wild  as  adults,  or 
from  natural  reproduction  by  aggregations  on  refugia  reefs  created 
by  translocation  of  wild  stock. 

Locate  Suniving  White  Abalone 

The  area  to  be  surveyed  for  survivors  is  large,  ranging  1,000 
km  from  Point  Conception,  near  Santa  Barbara,  California,  to 
Punta  Eugenia,  halfway  down  the  Pacific  coast  of  Baja  California, 
Mexico.  A  first  step  is  to  obtain  high  resolution  side-scan  sonar 
maps  of  low-relief  rocky  reefs  from  which  to  select  appropriate 
dive  targets  and  design  a  stratified  random  sampling  system  to 
maximize  survey  efforts.  These  maps  may  be  available  without 
additional  field  surveys  for  some  areas,  but  a  preliminary  search  of 
public  and  proprietary  archives  indicated  few  data  are  available. 
The  depths  at  which  white  abalone  occurred,  25-65  m,  will  require 
submersible  and  support  ship  time,  in  addition  to  time  and  support 
for  SCUBA  surveys. 

On  known  historic  white  abalone  reefs,  we  were  able  to  survey 
10-15%  of  the  suitable  habitat  (15,400  m")  along  10  km  of  coast 
per  day  with  the  research  submersible  DELTA.  At  that  rate,  100 
days  of  submersible  time  would  he  required  to  survey  statistically 
the  historic  white  abalone  range  for  breed  stock.  Analyzing  bathy- 
metric  maps  with  early  survey  data  in  a  geographic  information 
system  may  help  narrow  subsequent  searches  to  more  productive 
reefs  to  reduce  survey  and  brood  stock  collection  costs. 

Collect  Wild  Brood  Stock 

When  survivors  are  located  during  the  historic  habitat  survey, 
adult  brood  stock  could  be  collected  immediately  or  the  site  pre- 
ci.sely  marked  for  capture  teams  to  revisit  shortly  thereafter.  Diving 
technology  for  short  dives  by  collectors  on  known  white  abalone 
locations  is  readily  available,  but  requires  extreme  exposures  for 
scientific  divers.  Abalone  locations  could  be  marked  with  tran- 
sponders during  surveys  to  facilitate  subsequent  collection,  if  they 
were  not  collected  simultaneously  during  the  survey.  Holding  fa- 
cilities and  funds  to  maintain  the  brood  stock  must  be  available 
when  collecting  wild  brood  slock  begins.  Current  costs  are  ap- 
proximately S2/abalone/day  to  hold  live  abalone  in  commercial 
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facilities  (T.  McConiiick.  pcrs.  conim.l.  To  miiiimi/i.-  ihc-  kind  ol 
mishap  thai  ahnost  spelled  extinction  for  captive  endangered 
blackfooted  ferret  populations — a  distemper  epidemic  that  killed 
off  all  the  captive  breeders — collected  brood  stock  should  be  held 
and  maintained  in  sc\eral  different  facilities. 

Captive  Breeding  and  Rearing 

Captive  breeding  has  pro\ed  to  be  an  essential  method  of  re- 
covering species  in  danger  of  extinction,  but  captive  breeding  does 
not  always  succeed,  even  where  general  aspects  of  a  species" 
breeding  biology  are  known.  Successful  captive  breeding  requires 
some  understanding  of  a  species"  behaviors,  reproductive  physi- 
ology, and  genetics.  Fortunately,  captive  breeding  of  white  abalone 
is  not  without  precedent  (Leighton  1972.  Leighton  and  Lewis, 
1982),  and  several  decades  of  breeding  red  abalone  and  other 
species  provide  a  firm  foundation  (Shepherd  et  al.  1992).  The 
breeding  biology  of  white  abalone  is  not  known  as  well  as  other 
abalone  species,  and  each  species  studied  thus  far  has  distinct 
aspects  of  reproductive  biology.  Enough  is  known  to  begin  spawn- 
ing large  numbers  of  white  abalone  in  the  laboratory  and  rear  them 
to  maturity  (Leighton  and  Lewis  1982).  Most  outplanting  of  ma- 
rine species  from  mariculture  operations  has  been  done  to  augment 
depleted  but.  nonetheless,  substantial  populations  in  the  field  (Teg- 
ner  and  Butler  1989.  Tegner  1992);  there  are  very  few  precedents 
for  recovering  marine  species  nearing  extinction  with  captive 
breeding.  The  only  precedents  are  those  established  from  long- 
standing experience  in  captive  breeding  of  terrestrial  species  de- 
veloped by  the  World  Conservation  Union  (lUCN)  Species  Sur- 
vival Commission's  Conservation  Breeding  Specialist  Group. 

In  California.  25  years  of  experimental  outplanting  of  juvenile 
and  younger  abalone  has  failed  to  demonstrate  effective  population 
restoration  or  to  prevent  population  collapses  (Tegner  and  Butler 
1989).  although  a  current  red  abalone  larval  seeding  experiment 
seems  promising  (P.  Raimondi.  University  of  California.  Santa 
Cruz,  pers.  comm.).  Because  the  surviving  white  abalone  are  near- 


ing the  end  of  their  life  span,  and  few  opportunities  exist  to  pro- 
duce succeeding  generations,  we  believe  progeny  should  be  held  in 
captivity  until  they  are  mature  and  large  enough  to  escape  high 
mortality  in  the  wild.  That  probably  means  4  years  growth  and 
releasing  them  at  >100  mm  (Tutschulte  1976.  Tutschulte  and  Con- 
nell  1988).  Annual  mortality  rates  for  somewhat  smaller  (40  mm) 
hatchery-raised  red  abalone  released  at  the  California  Channel  Is- 
lands in  1989  were  38-68%  (Davis  1995):  whereas,  annual  natural 
mortality  of  fishery-vulnerable  sized  abalone  is  only  10-15% 
(Tegner  and  Butler  1989).  To  overcome  these  high  mortality  rates, 
we  propose  outplanting  1.000  large  individuals  at  each  of  10  sites 
every  year  for  10  consecutive  years.  This  would  establish  a  large, 
young,  reproductively  active  population  on  refugia  reefs  and  pro- 
vide several  opportunities  to  initiate  juvenile  recruitment  on  site 
and  on  adjacent  reefs.  The  genetics  of  the  parental  stocks  and  their 
progeny  should  be  assessed  to  evaluate  the  effectiveness  of  captive 
breeding,  to  avoid  inbreeding  depression,  and  thereby  maximize 
long-term  survival  prospects  for  recovered  populations  of  white 
abalone. 

Create  White  Abalone  Refugia 

The  final  step  in  restoring  white  abalone  is  to  establish  self- 
replacing  populations  on  a  variety  of  reefs  through  its  historic 
range  that  are  protected  from  depletion.  Half  of  this  action  requires 
outplanting  the  brood  stock  produced  by  the  captive  breeding  and 
rearing  program  described  above,  and  half  requires  political  estab- 
lishment of  protected  zones  to  serve  as  refugia  (Dugan  and  Davis 
1993.  Keeley  1997). 

CONCLUSIONS 

White  abalone  status  is  perilous,  but  not  hopeless.  Rapid  po- 
litical and  scientific  actions  could  prevent  extinction  and  probably 
restore  the  species"  former  productivity.  If  we  lose  this  species,  we 
cannot  claim  we  were  not  warned. 
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ABSTRACT  The  feasibility  of  enhancing  populations  of  red  abalone.  Haliotis  nifescens.  by  seeding  juveniles  was  evaluated  in 
Northern  California.  We  seeded  50,000  hatchery-reared  juvenile  red  abalone  averaging  8  mm  in  length  in  October  1995  into  six  sites: 
Caspar,  Van  Damme.  Salt  Point.  Bodega  Marine  Life  Refuge  north,  BMLR  south,  and  Half  Moon  Bay.  Recovery  of  juveniles  at  6 
months.  1  year,  and  2  years  totaled  less  than  1%  of  the  number  seeded,  however  seed  accounted  for  one-third  of  the  1995  cohort. 
Recovered  juveniles  with  obvious  hatchery  markings  grew  15  mm  per  year.  Recapture  rates  were  higher  at  three  sites  with  urchin  spine 
canopy  microhabitat  as  compared  to  three  sites  without  sea  urchins.  Although  juvenile  recoveries  may  not  be  good  indicators  of 
sur\'i\  al.  poor  recapture  rates  highlight  the  present  importance  of  conservative  fishery  management  strategies. 

KEY  ^yORDS:     enhancement.  Haliotis  nifescens,  stocking,  seed  survival.  Northern  California 


INTRODUCTION 

The  red  abalone.  Haliotis  nifescens  (Swainson).  is  the  largest 
abalone  in  the  world  and  is  harvested  by  both  cominercial  and 
recreational  divers  in  Califoniia.  Commercial  harvest  rates  have 
declined  more  than  80%  from  an  average  of  2,000  metric  tons  in 
the  1950s  and  1960s  to  330  mt  in  1989  (California  Dept.  Fish  and 
Game  statistics,  Karpov  and  Tegner  1992).  Commercial  abalone 
fisheries  are  in  decline  worldwide.  In  1997  the  commercial  abalone 
fishery  in  California  was  closed.  The  north  coast  of  California 
supports  a  large  recreational  free-diving  fishery,  with  daily  limits 
of  four  abalone,  which  seems  to  have  stable  landings,  ranging  from 
1-3  million  pounds  per  year  in  the  late  1980s  (Karpov  1991. 
Karpov  and  Tegner  1992).  This  region,  however,  has  sporadic 
natural  recruitment.  Because  of  the  economic  importance  of  aba- 
lone coupled  with  irregular  natural  recruitment,  there  has  been 
considerable  interest  in  abalone  enhancement. 

Abalone  enhancement  by  seeding  hatchery-reared  juveniles  has 
been  practiced  in  many  parts  of  the  world.  Success  rates  however, 
have  been  mixed  (Tegner  and  Buder  1989.  McCormick  et  al. 
1994).  In  Japan,  a  large-scale  seeding  effort  has  been  underway 
with  more  than  10  million  seed  produced  and  distributed  by  fishing 
cooperatives  in  1979  alone  (Tegner  and  Butler  1989).  Neveilhe- 
less,  reports  of  juvenile  survival  vary  widely,  ranging  from  1-80% 
(Saito  1984,  Tegner  and  Butler  1989,  Kojima  1995).  Similarly,  in 
New  Zealand  survival  of  juveniles  varies  spatially  ranging  from 
1-72%  (Schiel  1993).  In  Southern  California,  juvenile  recapture 
rates  have  been  low.  averaging  less  than  1%  for  seeded  red  abalone 
(Tegner  and  Butler  1985.  1989);  however,  similar  studies  have  not 
been  conducted  in  Northern  California.  Despite  low  recapture  rates 
in  Southern  California,  recent  genetic  work  indicates  that  adult 
abalone  at  previous  seeding  sites  are  genetically  similar  to  hatch- 
ery abalone,  suggesting  high  juvenile  seed  survival  (Gaffney  et  al. 
1996). 

In  this  paper,  we  examine  the  results  of  a  large-scale  seeding 
experiment  using  juvenile  red  abalone  in  Northern  California.  In 
October  1995,  50,000  juvenile  abalone  averaging  8  mm  in  shell 
length  were  seeded  in  six  sites  ranging  from  Half  Moon  Bay  to 


Fort  Bragg.  Because  juvenile  abalone  have  been  observed  under 
the  spine  canopy  of  adult  urchins  (Tegner  and  Dayton  1977, 
Kojima  1981.  Tarr  et  al.  1996.  Rogers-Bennett  pers.  comm.),  three 
sites  were  selected  with  and  three  without  red  sea  urchins,  Strongy- 
locentrotiis  franciscaniis  (Agassiz).  We  report  on  the  number  of 
seed  recovered  and  their  growth  after  6  months,  1  year,  and  2 
years. 


MATERIALS  AND  METHODS 


Study  Sites 


"Present  address:  Bodega  Marine  Laboratory.  University  of  California. 
Davis.  P.O.  Box  247.  Bodega  Bay.  CA  94923.  USA. 


Six  sites  were  selected  for  the  seeding  experiment:  Caspar  Re- 
serve, Van  Damme,  Salt  Point,  Bodega  Marine  Life  Refuge 
(BMLR)  north.  BMLR  south,  and  Half  Moon  Bay  (Mavericks). 
Caspar.  Salt  Point,  and  BMLR  north  have  red  sea  urchins  at 
2-3/m",  and  urchins  are  absent  from  the  remaining  three  sites.  The 
sites  were  all  in  shallow  water  (5-8  m)  and  were  selected  to  maxi- 
mize cobble  and  movable  substrate  while  minimizing  sand  scour 
and  silt.  Potential  abalone  predators  at  these  sites  include  Cabezon 
tlsh,  Scorpaenichthys  inannoratiis  (Ayers),  red  and  rock  crabs. 
Cancer  spp.,  and  the  sea  stars,  Pycnopodia  helianthoides  (Brandt), 
Dermasterias  imhrieata  (Grube).  and  Pisaster  spp. 

Experimental  Seeding 

Juvenile  red  abalone  were  cultured  at  Bodega  Farms,  Bodega, 
California.  Seed  from  three  spawnings  in  spring  of  1995  were 
randomly  mixed  and  used.  Larvae  settled  7-8  days  after  fertiliza- 
tion. Animals  were  given  a  complete  health  exainination  including 
inspection  for  the  presence  of  polychaetes  by  Dr.  C.  Friedtiian 
(California  Dept.  Fish  and  Game)  and  assessed  as  healthy.  Deliv- 
ery of  juveniles  occurred  in  September  when  the  animals  were 
weaned  from  microalgae  and  feeding  on  inacroalgae  averaging 
8.22  mm  in  length  (SD  1 .08,  n  =  100).  Their  shells  were  turquoise 
or  pale  green,  indicative  of  their  hatchery  diet  of  diatoms  and 
Macrocystis  pyrifera  (Linnaeus)  (Tegner  and  Butler  1989).  Juve- 
nile abalone  were  placed  in  mesh  bags  ( 1-mm  mesh)  in  groups  of 
500.  One  group  of  500  was  counted  and  weighed  (45.8  g).  and 
subsequent  bags  were  stocked  by  weight.  Fleshy  red  algae.  Cryp- 
topleura  spp.,  were  added  to  the  bags  to  acclimate  the  juveniles  to 
a  wild  diet.  Animals  seemed  to  clump  actively  onto  the  algae  and 
feed,  and  no  transfer  mortalities  were  observed. 
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Juveniles  were  seeded  into  the  six  sites  during  an  1 1-day  period 
in  October,  1995.  Two  seeding  methods  were  used:  hand  planting 
and  release  from  abalone  modules.  Red  algae  were  used  as  seed 
substrate  and  divers  hand  placed  the  algae  with  attached  juveniles 
into  cryptic  niicrohabitats,  including  rock  crevices,  under  move- 
able cobble,  and  under  adult  red  urchins  (where  available).  Hand- 
planting  juveniles  on  the  algal  substrate  took  approximately  6 
hours  per  site.  Abalone  were  also  placed  in  seeding  modules  (see 
Ebert  and  Ebert  1988  tor  module  design)  for  release.  The  modules 
are  large  cement  boxes  with  doors  closed  by  rubber  straps  (bun- 
gee)  attached  to  magnesium  links  that  dissolve  after  18  hours, 
freeing  the  juveniles  at  midnight  the  following  night. 

At  Caspar,  Van  Damme,  and  Half  Moon  Bay  the  two  seeding 
methods  were  used.  Half  the  abalone  were  hand  planted  and  the 
other  half  were  placed  in  three  abalone  modules  at  a  density  of 
approximately  1,700/module.  At  the  other  three  sites,  all  juveniles 
were  hand  seeded.  The  seeding  area  encompassed  roughly  a  4  x  15 
m  core  area  within  the  larger  24  x  30  m  site.  Juvenile  density  after 
seeding  was  approximately  150-170  seed/m~  within  the  smaller 
core  area.  Sea  star  predators  were  removed  from  the  sites  at  seed- 


Surveys 

At  6  months,  I  year,  and  2  years,  sites  were  searched  invasively 
by  lifting  movable  cobble,  removing  adult  urchins,  searching  in 
coralline  and  other  red  algae,  rock  crevices,  and  under  ledges.  The 
6-month  survey  was  a  3-hour  invasive  search,  but  no  identification 
of  hatchery  seed  was  attempted,  because  juveniles  were  not  col- 
lected. At  the  1  and  2  year  surveys,  all  juvenile  abalone  found 
were  collected  and  measured.  These  surveys  were  conducted  along 
six  parallel  4  x  30  m  transects  for  a  total  area  searched  of  720  m" 
per  site.  This  extensive  search  took  approximately  8-10  hours 
depending  on  the  habitat  type  and  abalone  density.  We  compared 
the  number  of  seed  recaptured  from  sites  with  and  without  urchin 
spine  microhabitat  in  1996  and  1997  using  a  chi-square  test. 

Growth 

All  juvenile  abalone  collected  from  the  sites  with  obvious 
hatchery  shells  were  measured  in  the  laboratory  to  assess  original 
and  final  size.  Growth  is  reported  as  the  difference  between  origi- 
nal size  determined  from  the  green  shell,  and  final  size  (See  Table 
1 ).  In  addition,  juvenile  seed  were  maintained  in  the  laboratory  and 


their  final  size  was  assessed  after  2  years. 
RESULTS 

Surveys 

At  6  months,  fewer  than  20  juveniles  between  6-16  mm  were 
found  at  each  site  in  February  and  March  1996  (Table  1 ).  No  dives 
were  made  at  6  months  at  Half  Moon  Bay  because  of  rough  ocean 
conditions.  No  shells  indicating  mortality  were  found  at  any  of  the 
sites. 

One  year  after  release,  shells  with  obvious  hatchery  coloration 
(turquoise  and  pale  green)  ranged  in  size  from  18.4-28.4  mm. 
Hatchery-reared  seed  accounted  for  one-third  of  all  the  juveniles 
found  between  16-30  mm  (Table  1 ).  Seed  recoveries  ranged  from 
0-0.17%  for  the  six  sites.  Juvenile  density  in  the  study  sites  (each 
24  X  30  m)  ranged  from  0-0.07  juveniles/m"  at  one  year.  Caspar 
had  the  most  seed  in  the  target  size  range  and  the  highest  seed 
recovery  of  17  animals;  whereas,  at  Half  Moon  Bay,  neither  ju- 
venile nor  adult  abalone  were  found.  At  1  year,  we  recovered 
significantly  more  seed  from  the  sites  with  urchins,  as  compared  to 
the  sites  without  urchins  (x'  =   18.78.  df  =    1,  p  <  .001). 

Two  years  after  release,  shells  with  obvious  hatchery-reared 
colors  ranged  in  size  from  28.4—51.0  mm.  Again,  hatchery-reared 
seed  made  up  approximately  one-third  of  all  the  juveniles  found 
between  26-52  mm  (Table  I ).  Recoveries  from  the  sites  ranged 
from  0-0.21%  of  the  total  number  of  juveniles  seeded.  Juvenile 
density  in  the  study  sites  ranged  from  0-0.08  juveniles/m"  at  1 
year.  Again.  Caspar  had  the  most  seed  in  the  target  size  range  and 
the  highest  seed  recovery  of  21  animals.  In  Half  Moon  Bay,  no 
juvenile  or  adult  abalone  were  found  in  the  survey  and  none  were 
found  in  a  broad  scale  emergent  survey  conducted  over  an  area  10 
times  the  size  of  the  study  site.  Again,  we  recovered  significantly 
more  seed  from  sites  with  urchin  spine  canopy  microhabitat  (x"  = 
9.77,  df  =   1,  p<  .01). 

Using  the  most  liberal  interpretation  of  the  recovery  data,  so 
that  all  juveniles  between  16-30  mm  in  the  1st  year  and  all  juve- 
niles between  26-52  mm  in  the  2nd  year  are  counted  as  seed,  still 
yields  less  than  1%  of  the  total  50.000  recovered  after  2  years. 
Here,  we  use  the  more  conservative  estimate  of  seed  recovered 
including  only  those  seed  with  obvious  hatchery  coloration.  Al- 
though seed  recovery  was  exceedingly  low  (<1%),  one-third  of  the 
1995  cohort  was  hatchery-reared  seed  (Table  1). 


TABLE  1. 

Number  of  juvenile  red  abalone  seeded  (size  8.22  mm),  number  of  juveniles  recovered  of  potential  recapture  size,  number  of  definite 

recaptures,  and  mean  increase  in  shell  size  of  the  recaptured  juveniles.  Recaptures  are  from  six  field  sites  (each  72(1  m")  in  Northern 

California  where  sites  1-3  have  red  sea  urchins  and  sites  4-6  do  not  have  urchins. 


1995 

1996  (6  mo) 

1996(1  Year) 

1997  (2  Years 

) 

Site 

#  Seeded 

#  (6-16  mm) 

#(16-30  mm) 

#  Seed 

X  Growth  (SD) 

#  (26-52  mm) 

#Seed 

X  Growth  (SD) 

With  urchins 

1.  Caspar 

10.000 

11 

47 

17 

15.75  (SD  3.7) 

59 

21 

2.S.49(SD6.0) 

2.  Salt  Point 

10.000 

16 

35 

10 

17.07  (SD  3.1) 

11 

5 

,W.64(SD9.0) 

3.  BML  iKirth 

5.000 

5 

13 

4 

13.5  (SD  1.2) 

4 

1 

27.9  (SD  3.7) 

No  urchins 

4.  Van  Damme 

10,000 

8 

5 

5 

15.03  (SD  3.3) 

23 

9 

.W.57  (SD  7.6) 

5.  BML  south 

5.000 

-) 

5 

0 

No  da(a 

2 

0 

No  data 

6.  HMB 

1 0.000 

No  data 

0 

0 

No  data 

0 

0 

No  data 

Toliil 

50.000 

42 

105 

36 

89 

37 
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GruHlli 

Ju\enile^  a\ eraging  8  mm  at  the  time  of  seeding  grew  a  mean 
of  15  mm  during  the  1st  year  and  15  mm  more  in  the  2nd  year 
(Table  1 ).  There  were  no  significant  differences  in  growth  between 
sites  or  between  years.  Seed  reared  in  the  laboratory  grew  19.48 
mm  (SD  1.63.  n  =  9)  over  2  years. 

DISCUSSION 

The  feasibility  of  seeding  red  abalone  populations  with  small 
hatchers -reared  juveniles  was  explored.  We  recovered  fewer  than 
1%  of  50.000  juvenile  abalone  (8  mm)  after  2  years  from  six  sites 
in  Northern  Califoniia.  Recoveries  seemed  unrelated  to  local  adult 
abalone  density,  and  the  recreational  abalone  fishery  in  Northern 
California  did  not  seem  to  have  an  impact  on  the  recovery  of 
seeded  juveniles.  These  recoveries  contrast  sharply  with  results 
from  Japan  and  New  Zealand,  where  some  sites  had  greater  than 
50%  juvenile  survival  (Saito  1984,  Schiel  1993.  Kojima  1995). 
Our  results  are  more  consistent  with  recoveries  from  the  Palos 
Verdes  Peninsula  in  Southern  California,  where  fewer  than  ]%  of 
the  juveniles  (45  and  71  mm)  were  recovered  after  1  year  (Tegner 
and  Butler  1985).  Growth  of  seeded  juveniles  was  lower  in  North- 
em  California,  with  juveniles  growing  15  mm  per  year  than  in  the 
Palos  Verdes  study,  where  juveniles  grew  30  mm  per  year  (Tegner 
and  Butler  1985).  Elsewhere  in  Southern  California.  reco\'ery  of 
seed  abalone  (41  inm)  from  inside  artificial  habitats  in  the  Channel 
Islands  was  also  low.  ranging  from  0-6%  after  the  first  year  and 
0-2%  after  the  second  year  (Davis  1995). 

Sites  with  adult  red  sea  urchins  had  significantly  higher  juve- 
nile abalone  recoveries,  as  compared  to  sites  without  urchins. 
Many  of  the  hatchery-reared  juveniles  were  found  under  the  spine 
canopy  of  red  sea  urchins.  Juvenile  abalone  in  Southern  California 
(Tegner  and  Dayton  1977.  Tegner  and  Butler  1989).  Japan 
(Kojima  1981).  and  South  Africa  (Tarr  et  al.  1996)  have  been 
found  in  association  with  the  spine  canopy  of  sea  urchins.  Sites 
designed  as  commercial  urchin  harvest  refugia  enhanced  the  re- 
covery of  hatchery-reared  juvenile  abalone.  This  result  supports  an 
ecosystem-based  fishery  enhancement  strategy. 

Poor  recoveries  have  been  attributed  to  high  predation  mortal- 
ity. There  is  evidence  for  differential  mortality  of  hatchery-reared 
as  compared  with  wild  juveniles,  because  laboratory  e.\periments 
indicate  that  wild  juveniles  are  better  able  to  find  cryptic  shelter 
and  avoid  predation  (Schiel  and  Weldon  1987,  Tegner  and  Butler 
1989,  but  see  Tegner  and  Butler  1985).  In  this  study,  we  found  few 
shells  resulting  from  predation  or  other  causes  of  mortality;  how- 
ever, wave  action  in  this  area  may  hinder  shell  recovery. 

An  alternative  explanation  is  that  juveniles  not  recovered  sur- 
vived but  evaded  recapture  and  that  recoveries  are  a  poor  indicator 
of  juvenile  survival.  In  this  study,  recoveries  did  not  decrease  over 


time  (Table  1 ).  Surprisingly,  the  poorest  recoveries  occurred  at  the 
earliest  time  point  (6  mo).  This  suggests  juveniles  were  cryptic  and 
difficult  to  relocate  in  the  complex  habitat.  In  addition,  juvenile 
abalone  are  known  to  be  highly  mobile.  For  example.  Tegner  and 
Butler  (1989)  showed  that  38%  of  the  small  abalone  (13  mm) 
moved  out  of  a  study  area  in  1-2  days.  Therefore,  juvenile  abalone 
in  our  study  could  have  easily  moved  outside  of  the  study  areas 
between  survey  periods. 

Genetic  evidence  also  suggests  that  seed  survival  rates  may  be 
greater  than  recoveries  indicate.  Resident  adult  abalone  from  Tyler 
Bight  on  the  south  side  of  San  Miguel  Island  in  the  Channel 
Islands,  a  site  that  was  seeded  repeatedly  in  the  1970s  and  1980s, 
currently  seem  to  have  genotypic  and  allelic  frequencies  similar  to 
hatchery  animals  (Gaffney  et  al.  1996).  This  is  further  evidence 
that,  despite  poor  recoveries,  many  juveniles  could  have  survived 
to  become  adults.  Genetic  markers  such  as  these,  although  raising 
concerns  about  the  genetic  diversity  of  seeded  juveniles,  may 
prove  useful  in  tracking  their  fate. 

It  seems  clear  that  although  juvenile  recoveries  in  this  study 
were  low  (<1%)  more  work  is  needed  to  determine  long-term 
survival.  With  one-third  of  the  juveniles  in  the  1995  cohort  origi- 
nating as  hatchery  seed  (Table  1).  it  will  be  important  to  follow 
their  survival  over  time.  If  the  survival  trend  observed  in  1996  and 
1997  continues,  hatchery  seed  have  the  potential  to  contribute  to 
the  local  population,  despite  poor  recoveries.  At  present,  the  future 
reproductive  contribution  of  these  hatchery  juveniles  is  unknown. 
From  an  economic  perspective,  this  approach  does  not  seem  cost 
effective;  however,  better  information  regarding  survival  to  repro- 
ductive size  and  to  minimum  legal  size  ( 177  mm)  is  required  for 
economic  analyses.  In  the  meantime,  our  poor  recovery  results 
(<1%)  support  careful  conservation  of  red  abalone  resources  and 
conservative  stock  management  policies,  because  northern  popu- 
lations are  the  only  healthy  abalone  stocks  remaining  in  California 
today. 
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ABSTRACT  Dispersal  will  cause  tag  disappearance  during  abalone  lagging  studies  when  the  area  in  which  abalone  were  tagged  is 
the  same  as  the  luea  subsequently  searched.  The  degree  of  dispersal  will  depend  upon  the  magnitude  of  the  movements  of  tagged 
indi\iduals.  Despite  the  potential  for  dispersal  to  bias  estimates  of  natural  mortality  it  is  mostly  ignored.  We  describe  a  method  we 
developed  to  estimate  dispersal  from  tnoveinents  of  tagged  blacklip  abalone,  Haliotis  rubra,  from  fished  and  unfished  experimental 
plots.  Although  the  movements  of  tagged  abalone  were  small,  dispersal  contributed  40-60'7r  of  total  tag  disappearance.  Indeed, 
dispersal  had  at  least  as  much  effect  on  over-all  estimates  of  tag  disappearance  as  did  the  combination  of  tag  loss  and  observer  error. 
Substantial  contributions  from  dispersal  may  explain  why  estimates  of  natural  mortality  from  tagging  studies  often  seem  larger  than 
anticipated.  The  magnitude  of  movements  varied  with  habitat  quality  and  was  affected  by  fishing.  Preferred  habitat  occurred  on 
niedium-to-high  relief  reef  that  accounted  for  only  37%  of  the  study  site  but  contained  60%  of  the  total  population.  Pretlshing  dispersal 
rates  were  smaller  in  areas  with  more  preferred  habitat,  and  the  removal  of  40%  of  the  population  during  experimental  fishing  caused 
a  decrease  in  the  proportion  of  abalone  dispersing  from  the  fished  plots.  This  study  demonstrates  that  substantial  dispersal  will  occur 
despite  only  small  movements  resulting  from  heavy  fishing  pressure  within  complex  reef  structure. 

KEY'  WORDS:     Haliotis  rubra,  abalone.  dispersal,  movement,  natural  mortality,  tag-loss,  tag-recapture 


INTRODUCTION 

Abalone  species  are  generally  long-lived:  consequently,  it  is 
reasonable  to  expect  that  they  have  low  natural  mortality  rates 
(Beinssen  and  Powell  1979.  Shepherd  et  al,  1982).  However,  pub- 
lished rates  of  instantaneous  natural  mortality  (M)  are  often  higher 
than  expected  (Shepherd  and  Breen  1992).  Shepherd  and  Breen 
(1992)  suggested  that  of  all  methods  for  estimation  of  M.  a  well 
designed  tag-recapture  model  has  potential  for  the  most  accurate 
results  for  a  given  effort.  Unfortunately,  poorly  designed  models 
that  do  not  consider  all  components  of  tag  disappearance  are  likely 
to  overestimate  M.  Illustrating  this  overestimation.  tagging  studies 
of  H.  kamselmtkana  have  provided  M  values  ranging  frotn  as  low 
as  0.15  to  as  high  as  2.51  (Shepherd  and  Breen  1992). 

Although  complex  models  have  been  successfully  applied  In 
estimate  natural  mortality  from  mark-recapture  studies  of  birds 
(Peach  1993).  most  abalone  tag-recapture  studies  have  ignored  tag 
disappearance  caused  by  dispersal  or  emigration  of  tagged  abalone 
beyond  the  survey  area.  Beinssen  and  Powell  (1979)  provided  a 
method  for  estimation  of  dispersal  and  obtained  an  M  value  of  0.2 
for  W.  rubra.  Although  their  study  violated  the  main  assumption  of 
localized  movement,  because  movements  up  to  200  m  were  ob- 
served after  just  1  month,  ignoring  these  large  movements  would 
only  result  in  an  increase  in  dispersal  and  a  further  reduction  in  M. 
In  contrast  a  tag-recapture  study  by  Nash  ( 1995).  which  did  not 
include  quantification  of  dispersal,  obtained  an  M  value  of  1.56  for 
H.  rubra.  Nash  (1995)  identified  dispersal  as  the  likely  cause  of  his 
high  estimate. 

Any  movetnents  of  tagged  abalone  can  result  in  losses  caused 
by  dispersal  if  the  area  searched  is  the  same  as  the  area  in  which 
they  were  tagged.  Whether  a  movement  does  result  in  dispersal 
depends  upon  the  initial  position  of  the  tagged  individual  relative 
to  the  boundary  of  the  tagging/searching  area  and  the  direction  and 
magnitude  of  the  movement.  Because  dispersed  movetnents  will 


not  be  detected,  it  is  necessary  to  predict  the  expected  number  of 
tagged  individuals  to  disperse  by  accounting  for  all  magnitudes 
and  directions  of  possible  movements  in  relation  to  initial  tagging 
positions. 

Our  study  estimated  dispersal  rates  from  the  magnitude  and 
direction  of  movements  of  tagged  abalone.  We  attempted  to  satisfy 
the  assumption  of  random  movement  direction  by  locating  our 
experimental  plots  at  a  site  of  uniform  depth  devoid  of  swell  or 
currents.  Also,  movements  were  calculated  to  an  estimated  error  of 
less  than  half  a  meter;  whereas.  Beinssen  and  Powell  (1979)  ob- 
served movements  between  10  x  10  meter  blocks.  An  in  situ 
tagging  technique  was  used  to  reduce  tag-induced  disturbance. 

Estimates  of  the  number  of  tagged  abalone  expected  to  remain 
and  the  actual  number  resighted  within  a  plot  were  used  to  obtain 
annual  rates  of  dispersal  and  tag  disappearance.  We  compared  the 
initial  magnitude  of  movements  for  the  //;  situ  tagging  method  with 
the  method  applied  by  Beinssen  and  Powell  ( 1979).  To  determine 
whether  movement  varied  with  habitat,  as  reported  by  Shepherd 
( 1986).  we  then  compared  available  preferred  habitat  with  changes 
in  dispersal. 

METHOD 


Study  Site  and  Experimental  Design 

The  study  site  was  at  Point  Cook  (37°55.893'S,  144°47.104'E), 
on  the  northern  end  of  Port  Phillip  Bay,  Victoria.  Australia,  an  area 
supporting  a  dense  stock  of  blacklip  abalone  {H.  rubra).  Water 
depths  were  similar  across  the  site  (3^  m).  and  the  reef  consisted 
of  basalt  boulders,  mostly  less  than  1-m  in  height,  on  a  sandy 
substrate.  The  study  site  covered  an  area  of  58  x  58  m  that  we 
subdivided  into  four  plots  each  of  24  x  24  m  .separated  by  corridors 
10-m  wide  (Fig.  1).  Each  plot  was  further  divided  into  1  m"  cells 
using  a  grid  system.  Two  diagonally  opposed  plots  were  randomly 
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Figure  1.  Diagram  sliowing  the  numbers  tagged  (n)  and  plot  dimen- 
sions at  Point  Cook. 


selected  for  fishing  to  test  whether  fishing  affected  dispersal  rates, 
and  the  remaining  pair  of  plots  were  designated  as  controls.  In  the 
fished  plots,  40%  of  the  untagged  abalone  population  were  re- 
moved during  experimental  fishing. 

Two  prefishing  and  two  postfishing  dive  surveys  were  com- 
pleted, with  approximately  7  months  between  the  first  and  fourth 
surveys  for  each  plot.  During  the  initial  prefishing  survey,  each 
cell  in  the  grid  was  systematically  searched  and  the  number  of 
abalone  in  the  cell  recorded.  Every  fifth  abalone  encountered 
was  tagged  in  situ  with  a  rivet  tag  inserted  through  a  respira- 
tory pore  using  a  method  similar  to  that  used  by  Prince  (1991). 
The  position  of  each  tagged  abalone  was  recorded  to  the  nearest 
0.1  m  within  the  cell.  The  relief  of  each  cell  was  subjectively 
characterized  as  being  either  flat,  low,  medium,  or  high.  During 
subsequent  surveys,  each  of  the  plots  was  systematically  searched 
as  before,  and  the  position  of  every  tagged  abalone  resighted 
was  recorded.  The  second  prefishing  survey  was  conducted 
3^  months  after  the  initial  survey  and  immediately  prior  to 
experimental  fishing.  The  third  survey  occurred  3-4  weeks 
after  fishing  and  the  fourth  and  final  survey  10-11  weeks  after 
fishing.  Searches  up  to  approximately  30  m  beyond  the  plot  bound- 
aries were  conducted  to  detect  large  movements  of  tagged  aba- 
lone. 

Calculation  of  Dispersal  Rate 

To  estimate  the  number  of  abalone  expected  to  disperse  from  a 
plot,  we  first  calculated  distances  moved  by  resighted  tagged  aba- 
lone. The  frequency  distribution  of  distances  moved  was  then  ad- 
justed by  predicting  movements  of  individuals  emigrating  from  the 
plot.  We  applied  all  predicted  movements,  in  all  possible  direc- 
tions of  travel,  to  each  initial  tag  position  to  estimate  the  probabil- 
ity of  each  individual  miwing  outside  the  plot.  The  sum  of  each 
individual  probability  was  the  number  expected  to  be  lost  through 
dispersal. 


Predicting  Unobserved  Movements 

The  position  of  each  tagged  abalone  within  the  plot  was  re- 
corded as  an  x  and  y  coordinate.  The  distance  traveled  d,^  for 
abalone  k,  from  its  initial  position  (i)  to  its  finishing  position  (f) 
was  calculated  using  the  following  equation. 


^[(Xn 


x,J~  +  <yn 


y„)i,     where  i,  f,  k  €  [1,  n,J    (1) 


and  n^^,.,  is  the  total  number  of  re-sighted  tags. 

A  distribution  of  distances  d|_  for  resighted  tagged  abalone  was 
obtained  from  all  movements  within  an  experimental  plot.  From  an 
initial  tag  position  x,i_y,|^,  a  distance  moved  d,.  in  direction  9  will 
result  in  the  hypothetical  finishing  position  x^^yhk-  Di-Stances  d^ 
are  biased  against  larger  movements,  because  the  larger  the  move- 
ment d|^,  the  greater  the  probability  that  x,,t.yi,|^  will  be  outside  of 
the  plot.  Therefore,  a  predicted  distribution  of  distances  was  cal- 
culated using  the  resighted  distribution  by  obtaining  the  proportion 
of  occasions  X|,|^y|,k  was  outside  the  plot  for  all  possible  hypotheti- 
cal movements  (1°  =s  9  «  360°),  assuming  random  direction  of 
movement  (Fig.  2). 

The  displacement  (Xj,^p,  y^^p)  of  each  hypothetical  movement 
( 1  °  s£  9  =s  360°)  was  obtained  by  assigning  all  absolute  angles  of 
9  from  Xjj^y,,^  and  its  actual  distance  moved  di,,  (Eq.  2-3). 


Xd,.p  =  d,^  X  sin9  and  yj„p  =  d^^  ^  cos9 


for  9  f  (0",  90°)or  €  (180°,  270°) 


d,.,  X  cos9  and  y^,,     =  d|^  x  sinO, 


(2) 


(3) 


for  9  e  (90°,  180°)  or  €  (270°,  360°). 

The  hypothetical  finishing  position  of  x^,i_yf,|^  was  compared 
with  each  of  the  four  plots"  boundaries  to  determine  if  it  was  inside 
the  plot  (Eq.  4). 

Let  X|,k  =  x„ 

Define  x^,„.  y^i„  =  minimum  x/y  ordinate  of  the  plot, 
and  x^a^,  y„,,x  =  maximum  x/y  ordinate  of  the  plot. 

If  (x„„„  «  x„K  =s  x„,^J  and  (y„„„  =£  y^^  =s  y„,.,j 

then  the  tagged  abalone  at  X|,|,y,,,^  remained  within  the  plot.     (4) 

The  probability  Pj,^  of  abalone  k  remaining  within  the  plot  having 
moved  distance  d  was  calculated  to  be 


Pdk  =  2  c'ount/360,  where  count  =  I ,  if  X|,i,yhk  is  inside  the  pi 


The  predicted  frequency  of  the  distance  d^  was  defined  by 


ot. 


(5) 


(6) 


freqd,=  l/Pd,. 

The  predicted  and  actual  frequencies  were  summed  across  aba- 
lone k  for  each  distance  d  to  produce  a  frequency  distribution 
function  for  all  possible  distances.  Calculations  from  Eqs.  1-6 
were  repealed  for  all  abalone  resighted  for  each  plot  and  survey.  A 
frequency  distribution  function  was  created  from  all  plots  and 
surveys  combined  (see  Fig.  4). 

Estimation  of  Number  Dispersed 

For  each  distance  d^  and  all  possible  directions,  Eqs.  2— J  were 
repealed  for  all  uiUial  tagged  positiitns,  x,,,y,,,  (instead  of  x.^y.^). 


Dispersal  of  Blacklip  Abalone 


883 


Probability  of  resighting,  /'<„=count/360  * 


(ii) 


*wliere  count  =  1  wiien  ^/,^^^.  is  inside 
the  plot,  othenwise  count  =  0 

Figure  2.  The  probability  of  P^t  of  a  tagged  abalone  being  resightcd  within  a  plot  given  its  initial  position  \j,^y,^,  distance  traveled  d,,  (assuming 
random  direction  of  movement),  and  final  position  x,^)^.  Hypothetical  finishing  positions  Xhk.Vi,!;  that  remain  within  the  plot  are  shaded. 
Examples  are  shown  for  an  abalone:  (1)  that  would  remain  within  the  plot,  regardless  of  the  direction  of  movement:  and  (2)  when  some  directions 
of  movement  resulted  in  X|,tV|,k  being  outside  plot  boundaries,  determined  by  adding  Xj|,|,  and  y^i,,,,  to  its  initial  position  x.^yi^. 


even  if  not  re-sighled.  for  abalone  a  where  i.a  €  [1.  n,^,,]  and  n„„  is 
the  total  number  tagged  in  a  plot.  The  number  of  times  the  indi- 
vidual was  found  inside  and  outside  a  plot  (Eq.  4)  was  multiplied 
by  the  predicted  frequency  at  distance  d^  (Eqs.  7  and  8). 


freq,„_j  ji^  =  freq^   x  count  where  count 

if  .x^^V/io  is  inside  the  plot 
0  otherwise 

freq„„i_j  ji^  =  freqj   x  count  where  count 

1  if  Xi^^y^i,  is  outside  the  plot 
0  otherwise 


(7) 


(8j 


The  probability  P,  of  the  theoretical  finishing  position  for  each 
initially  tagged  abalone,  x^^y^^.  being  outside  a  plot  for  all  possible 
movements  was  given  by 


P3  =  S  freq„„,_/2  (freqi„_,  +  freq„^„_J. 


(9) 


The  expected  dispersal  (Ej)  outside  a  plot  and  the  expected  re- 
maining (E^)  within  a  plot  for  each  survey  were  given  by 


Ed  =  2  Pj     and     E,  =  n„„  -  Ej 


(10) 


The  number  of  tagged  individuals  expected  and  the  number 
resighted  were  regressed  against  the  median  of  the  number  of  days 
at  liberty  for  resighted  individuals  for  each  plot  and  survey.  Their 
slopes  were  determined  as  the  instantaneous  rate  of  tag  dispersal 
and  disappearance,  respectively.  Fishing  mortality  was  assumed  as 


zero,  because  all  legal  fishing  within  100  m  of  the  site  ceased  6 
months  before  and  throughout  the  project.  Cryptic  loss  was  also 
assumed  as  zero,  because  there  was  minimal  cryptic  habitat  inac- 
cessible to  divers.  Therefore,  the  difference  between  the  slopes 
represented  disappearance  caused  by  M.  tag  loss,  and  observer 
error. 

Differences  in  dispersal  rates  were  compared  with  the  type  of 
relief  in  each  plot  by  expressing  the  number  of  tagged  abalone 
expected  to  remain  E^  as  a  percentage  of  the  number  tagged  n^^^. 
The  effect  of  experimental  fishing  was  determined  as  the  change  in 
percentages  between  the  second  and  third  surveys. 

RESULTS 

Annual  rates  of  dispersal  ranged  from  0.49  in  the  northwest 
fished  plot,  to  0.78  in  the  northeast  control  plot  (Fig.  3).  contrib- 
uting 40-60%  of  total  tagged  abalone  disappearance  for  all  plots. 
The  remaining  three  components  of  tag  disappearance  (natural 
mortality,  tag  loss,  and  observer  error)  ranged  from  0.49  in  the 
northwest  fished  plot  to  0.82  in  the  southeast  fished  plot  (Table  1 ). 

The  majority  of  abalone  movements  were  less  than  10  m  (Fig. 
4).  The  largest  movement  detected  between  the  first  and  second 
surveys  (4  months)  was  less  than  50  m.  The  maximum  distance 
traveled  by  any  tagged  individual  over  the  course  of  the  study  (7 
months)  was  60  m  (Fig.  4).  Searches  beyond  plot  boundaries  failed 
to  detect  any  movements  greater  than  those  measured  within  the 
plots. 

The  number  of  resighted  tagged  abalone,  n„.,.  decreased  be- 
tween 50-55%  from  initial  tagging  (first  survey)  to  the  second 
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Figure  3.  Regressions  of  the  natural  logarithm  of  the  nuniher  of  tags  observed  ( ■ )  and  the  number  of  tags  expected  ( ▲ )  after  dispersal  against 
time  for  each  plot. 


survey  (Table  2 1.  Numbers  resighted  remained  fairly  consistent  or 
decreased  only  slightly  after  the  second  survey,  decreasing  by  59f 
from  the  second  to  fourth  survey  in  the  northeast  and  southwest 
plots,  decreasing  by  4%  in  the  southeast  plot  and  an  increase  of  2% 
in  the  northwest  plot.  The  expected  number  of  tagged  abalone 
remaining.  E^,  varied  between  plots  after  the  second  survey  (Table 
2).  In  the  northeast  plot,  only  64 9r  of  tagged  abalone  were  ex- 
pected to  remain  after  the  second  survey,  and  in  the  southwest  plot, 
80%  were  expected  to  remain.  From  the  second  to  fourth  surveys. 
only  3  to  8%  more  were  expected  to  disperse  outside  each  plot 
(Table  2). 

Prefishing  dispersal  varied  depending  on  the  amount  of  relief  of 
the  reef  (Table  3).  The  southwest  control  plot  contained  the  highest 
proportion  of  medium  to  high  relief  (56%)  and  showed  the  lowest 
initial  dispersal  (20%)  of  the  tagged  population.  In  contrast,  the 
northeast  control  plot  had  the  lowest  amount  of  high  relief  ( 14%) 

TABLE  1. 

The  components  of  tag  disappearance  for  all  plots  expressed 

as  annual  rales  and  dispersal  expressed  as  a  percentage  of 

tag  disappearance. 


Fished  Plots 


Control  Plots 


Annual  Kates  of: 

NW 

SE 

NE 

sw 

Disappearance  (observed) 

o.yx 

1.54 

1.38 

l..^l 

Dispersal  (expected) 

0.49 

0.72 

0.78 

0.53 

Dispersal  as  a  percentage 

of  disappearance 

50% 

47% 

57% 

40% 

M+tag  loss+observer  error 

0.49 

0.S2 

O.fiO 

0.78 

and  showed  high  initial  dispersal  (36%).  Dispersal  decreased  in 
fished  plots  following  fishing,  by  2  and  3%  in  the  southeast  and 
northwest  plots,  respectively  (Table  3).  The  southwest  control  plot 
showed  a  small  increase  of  1%;  whereas,  in  the  northeast  control 
plot,  dispersal  increased  by  8%  after  fishing. 

DISCUSSION 

Dispersal  rates  contributed  between  40  to  60%  of  total  tag 
disappearance  in  the  four  plots  at  Point  Cook  (Table  1 1.  In  this 
study,  dispersal  had  greater  potential  to  bias  estimates  of  natural 
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Figure  4.  .\ctual  and  predicted  movement  frequency  distribution 
functions  of  tagged  abalone  at  Point  Cook. 
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TABLE  2. 

The  number  and  percentage  of  tagged  abalone  expected  to  remain  within  each  ph)l  after  dispersal,  E^,  and  number  and  percentage  of 

tagged  abalone  resighted,  n„.,. 


Number 

Plot 

Tagged  n,„, 
1st 

Expected  Remaining  E^ 

i%) 

Number  Resighted  n„ 

,  ( % ) 

2nd 

3rd 

4th 

2nd 

3rd 

4th 

Plot 

Type 

Sur\e> 

Survey 

Survey 

Survey 

Survey 

Survey 

Survey 

NW 

Fished 

227 

176(78) 

183(81) 

160(701 

103(45) 

104(46) 

106(47) 

SE 

Fished 

277 

198(71) 

203(73) 

174(63) 

137(49) 

117(42) 

124(45) 

NE 

Control 

362 

232(64) 

203(56) 

222(61) 

177(49) 

136(38) 

158(44) 

SW 

Control 

456 

366(Sn) 

360(79) 

328(72) 

228(50) 

224(49) 

207(45) 

mortality  than  did  tag  loss  and  observer  error  combined.  Ignoring 
dispersal  would  have  resulted  in  overestimation  of  natural  mortal- 
ity by  more  than  2007^  These  high  dispersal  rates  existed  despite 
the  fact  that  the  majority  of  movements  were  under  10  meters. 
Some  studies  ha\'e  shown  that  abalone  populations  can  be  highly 
mobile,  moving  hundreds  of  meters  within  months  and  kilometers 
in  their  lifetime  (Newman  1966,  Ault  and  DeMartini  1987).  In 
such  circumstances,  the  contribution  of  dispersal  to  over-all  tag 
disappearance  will  increase,  causing  further  bias  to  natural  mor- 
tality estimates. 

There  seems  to  be  two  different  rates  of  tag  disappearance 
between  initial  tagging  and  the  second  survey,  as  compared  to  the 
second  to  fourth  surveys  (Table  2).  Although  the  number  of  tags 
resighted.  n„.,.  should  have  reduced  at  a  similar  rate  after  each 
survey,  this  was  not  the  case.  Two  factors  may  have  increased 
initial  tag  disappearance. 

Higher  initial  dispersal  rates  may  have  been  caused  by  distur- 
bance caused  by  tagging.  While  in  situ  tagging  may  reduce  initial 
tagging-induced  dispersal,  it  is  unlikely  to  eliminate  the  problem. 
Results  from  this  study  have  shown  that  even  small  movements 
will  considerably  affect  dispersal.  Alternatively,  initial  tag  loss 
may  have  been  higher  than  tag  loss  from  the  second  to  fourth 
surveys.  Treble  and  Day  ( 1 993 )  showed  that  the  rate  of  tag  loss  for 
glue  tags  applied  to  the  shell  of  limpets  changed  over  time.  The 
initial  rate  of  tag  loss  was  low  while  the  glue  maintained  full 
adhesion;  how'ever.  as  the  glue  reached  a  critical  age  its  adhesive 
ability  reduced  rapidly,  and  the  rate  of  tag  loss  increased.  In  our 
opinion,  the  opposite  occurs  with  in  situ  rivet  tags,  because  initial 
rates  of  tag  loss  may  be  relatively  high.  Poorly  inserted  tags  or 
weak  shells  have  a  high  rate  of  shedding,  leaving  tags  only  in  those 
animals  tagged  securely. 

Beinssen  and  Powell  (1979)  modeled  abalone  dispersal  by  ob- 
serving tag  movements  between  10  x  10  m  blocks.  Their  technique 
was  repeated  by  Shepherd  (1986)  for  the  greenlip  abalone  H.  lae- 
vigata, but  was  unsuccessful,  because  the  assumption  of  random 


movement  was  violated.  Shepherd  (1986)  found  that  H.  laevigata 
migrated  toward  the  direction  of  swell  or  main  currents,  using  a 
technique  described  by  Clavier  and  Richard  (1984)  for  H.  tuber- 
citlata.  No  such  patterns  were  observed  for  H.  rubra  during  this 
study,  probably  because  Point  Cook  is  not  subject  to  any  swell  or 
currents.  It  could  be  then  argued  that  our  assumption  of  random 
movement  is  reasonable. 

Beinssen  and  Powell  (1979)  alluded  to  a  violation  of  their  main 
assumption  of  localized  movements.  Within  a  month,  movements 
of  up  to  200  m  were  observed,  three  times  greater  than  the  ma.xi- 
mum  distance  detectable  within  their  resurveyed  area.  The  maxi- 
mum distance  detectable  within  the  Point  Cook  plots  was  70  m, 
and  searches  made  beyond  the  plot  boundaries  roughly  doubled 
this  distance.  Because  the  largest  detected  distance  moved  was 
under  60  m  over  7  months,  the  assumption  of  localized  movement 
seems  valid.  Another  assumption  of  our  dispersal  estimation 
method  was  that  plotting  disappearance  and  dispersal  against  the 
median  number  of  days  caused  minimal  bias  to  the  estimates.  This 
was  necessary,  because  each  survey  took  several  days  to  complete. 
It  was  considered  a  reasonable  assumption,  because  the  majority  of 
movements  were  small,  and  the  variation  in  the  days  at  liberty  was 
minimal  relative  to  the  time  between  surveys  for  each  plot. 

Tagging-induced  disturbance  seemed  to  increase  the  initial 
movements  of  tagged  abalone  during  Beinssen  and  Powell's 
(1979)  study.  Approximately  one-third  of  movements  greater  than 
50  meters  occurred  within  1  month  of  tagging  during  their  3-year 
study.  Detected  movements  for  our  study  did  not  exceed  50  m 
after  the  second  survey,  approximately  4  months  after  initial  tag- 

ainu 

The  tagging  method  adopted  by  Beinssen  and  Powell  (1979) 
required  removal  of  the  abalone  from  the  substrate.  Several  studies 
have  shown  that  disturbance  of  abalone  by  tagging  induces  abnor- 
mal movement  (Forster  1967,  Fournier  and  Breen  1983.  Ault  and 
DeMartini  1987).  The  tagging  technique  used  in  this  experiment 
has  the  advantage  of  being  an  in  situ  method.  Animals  were  never 


TABLE  3. 
Effect  of  available  preferred  habitat  on  estimates  of  dispersal  for  fished  and  control  plots. 
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removed  from  the  substrate,  and  the  tag  was  inserted  into  a  pore  in 
an  operation  taking  less  than  1  minute.  This  technique  provided 
less  stimulus  for  rapid  initial  movement,  because  the  strong  foot- 
hold was  never  disrupted.  It  was  observed  that  a  low  percentage  of 
animals  underwent  rapid  initial  movement  after  /;)  .s(7;(  tagging,  as 
compared  to  those  that  were  removed  and  returned  to  the  substrate 
in  other  studies  (C.  Dixon,  pars,  comms.). 

Tagging  methods  may  also  influence  over-all  rates  of  tag  dis- 
appearance in  three  ways:  tag  loss,  observer  error,  and  tag-induced 
mortality.  A  poor  tagging  method  resulting  in  high  tag  loss  will 
obviously  result  in  high  rates  of  tag  disappearance.  Perhaps  just  as 
important  is  the  ease  with  which  remaining  tags  are  found.  Incon- 
spicuous tags  may  be  missed,  resulting  in  higher  rates  of  observer 
error.  Third,  tagging  methods  that  require  removal  of  individuals 
from  the  substrate  often  cause  mortality  by  injuring  the  foot.  This 
mortality  is  difficult  to  differentiate  from  natural  mortality.  In  this 
study,  all  of  these  factors  were  minimized.  The  rivet  tag  reduced 
rates  of  tag  loss  (Prince  1991).  the  use  of  brightly  colored  large 
plastic  tags  ensured  that  tags  remained  conspicuous  throughout  the 
period  of  the  study,  and  in  situ  tagging  removed  the  possibility  of 
damaging  the  foot. 

The  position  an  abalone  occupies  on  a  reef  is  often  refened  to 
as  a  home-site  (Momma  and  Sato  1969.  Shepherd  1973.  Tarr 
1995).  Home-sites  such  as  crevices  or  gutters  may  be  chosen, 
because  they  provide  protection  from  predators,  or  they  are  sites 
that  are  likely  to  act  as  areas  for  entrapment  of  drift  algae.  Shep- 
herd (1986)  found  that  the  magnitude  of  movements  of  greenlip 
abalone  H.  laevigata  in  Waterloo  Bay.  South  Australia,  were  larger 
in  areas  with  little  cryptic  habitat.  In  Shepherd's  (1986)  study, 
cryptic  habitat  provided  the  greatest  number  of  preferred  home- 
sties,  but  at  Point  Cook,  cryptic  habitat  was  scarce.  Assuming  that 
each  abalone  occupied  a  unique  home-site,  then  the  spatial  density 
distribution  of  the  prefished  population  should  have  reflected  pre- 
ferred habitat.  The  grid  system  used  in  our  experiment  allowed 
categorizing  of  cells  by  relief  (height  of  the  reef).  Preferred  habitat 
seemed  to  be  of  medium-to-high  relief  reef.  Such  reef  accounted 
for  only  37%  of  the  total  planar  area  but  contained  609r  of  the  total 
abalone  population  in  this  study. 

Our  results  were  consistent  with  Shepherd's  (1986)  findings, 
that  movement,  reflected  by  estimated  dispersal,  decreases  as  the 
area  of  preferred  habitat  increases  (Table  3).  The  southwest  control 
plot  contained  the  highest  amount  of  medium  and  high  relief  and 
had  the  lowest  percentage  of  initial  dispersal.  In  contrast,  the 
northeast  control  plot  had  by  far  the  lowest  amount  of  high  relief 
and  had  a  higher  initial  dispersal.  Initial  dispersal  was  calculated 
from  movements  prior  to  any  removal  of  abalone  from  the  popu- 
lation. 

The  removal  of  33%  of  the  population  during  experimental 
fishing  increased  the  amount  of  available  home-sites/preferred 
habitat  within  the  two  fished  plots.  If  dispersal  increased  overtime, 
a  reduced  rate  of  increase  would  be  expected.  There  was  an  esti- 
mated reduction  in  the  percentage  of  dispersal  at  the  two  fished 
plots  of  both  2  and  3%,  respectively  (Table  3).  In  the  unfished 
control  plots,  a  continued  increase  in  dispersal  was  expected.  The 
southwest  plot  showed  only  a  1%  increase;  whereas,  in  the  north- 
east plot,  dispersal  continued  to  increase  by  8"?^.  This  discrepancy 
seems  to  be  attributable  to  the  difference  in  the  number  of  home- 
sites/preferred  habitat  available. 

Although  this  study  required  substantially  more  searching  ef- 
fort than  that  available  to  most  tag-recapture  studies,  carefully 


planned  experiments  that  estimate  dispersal  and  observer  error  can 
overcome  the  need  for  thorough  searching  of  large  areas.  Search- 
ing small  areas  thoroughly  will  reduce  observer  error,  but  if  tagged 
abalone  movements  are  larger  than  the  maximum  dimension  of  the 
search  area,  then  the  assumption  of  localized  movements  will  be 
violated.  Random  sampling  from  a  larger  area  would  be  preferable, 
because  it  will  ensure  that  the  largest  magnitudes  of  movement 
could  be  detected.  If  double  counting  exercises  are  used,  estimates 
of  observer  en'or  as  well  as  dispersal  may  be  achieved. 

This  study  could  only  estimate  dispersal  attributable  to  emigra- 
tion outside  the  survey  area,  although  further  work  is  planned  to 
estimate  tag  loss  and  observer  error.  At  Point  Cook,  the  lack  of 
cryptic  habitat  meant  that  disappearance  of  tagged  abalone  into 
crypsis  was  minimal.  However,  at  sites  with  more  cryptic  habitat, 
the  capacity  for  such  disappearance  will  be  greater.  Therefore,  site 
selection  should  consider  the  complexity  of  the  reef  for  potential 
losses  attributable  to  crypsis  as  well  as  the  number  of  available 
home-sites  in  relation  to  magnitude  of  potential  movement.  The 
tagging  method  used  in  future  studies  should  consider  how  tagging 
affects  movement  and  tag  induced-mortality.  We  believe  that  an  in 
situ  tagging  method  is  preferable,  because  this  study  has  shown 
that  this  approach  reduces  initial  magnitudes  of  movement. 

Past  estimates  of  natural  mortality  could  have  benefited  from  a 
quantitative  estimate  of  dispersal.  We  have  shown  that  with  a 
defined  area  of  tag  release  and  recapture  and  a  distribution  of 
population  movements,  estimation  of  dispersal  can  be  achieved. 
Future  tagging  studies  that  aim  to  estimate  natural  mortality  will 
have  to  consider  all  components  of  tag  disappearance.  Aside  from 
natural  mortality,  these  include  dispersal,  cryptic  loss,  fishing  mor- 
tality, tag  loss,  tagging-induced  mortality,  and  observer  eiTor.  Fail- 
ure to  account  for  any  one  of  these  components  will  overestimate 
natural  mortality. 
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ABSTRACT  ."Mthough  the  incidence  of  abalone  poaching  is  increasing  in  South  Africa,  several  alleged  poachers  have  been  acquitted 
in  cases  where  the  state  has  been  unable  to  prove  that  the  confiscated  meat  is  of  the  local  abalone.  Halimis  midae.  This  species  is 
illegally  exported  to  the  Far  East  by  poaching  syndicates,  a  practice  that  is  undermining  the  legitimate  industry.  To  solve  this,  a 
polymerase  chain  reaction  (PCR)  technique  that  targets  a  portion  of  the  lysin  gene  of  several  abalone  species  and  unequivocally 
distinguishes  between  H.  midae  and  H.  spadicea  (a  sympatric  congeneric)  has  been  developed.  The  PCR  primers  specifically  amplify 
approximately  1 ,300  bp  of  genomic  DNA  from  dried,  cooked,  and  fresh  abalone  tissue.  A  smaller  fragment  of  1 46  bp  is  used  for  canned 
abalone.  Restriction  fragment  length  polymorphism  (RFLP)  exploit  interspecific  polymorphisms  that  discriminate  between  these  two 
species.  The  method  can  also  be  used  to  identify  H.  rubra  and  can  easily  be  adapted  to  other  abalone  species  under  the  same  threat 
of  overexploitation. 

KEY  WORDS:  polymerase  chain  reaction  (PCR),  restriction  fragment  length  polymorphism  (RFLP),  forensic,  abalone,  poaching, 
lysin 


INTRODUCTION 

The  abalone  Halunis  midae  (Linnaeus  1758)  is  the  only 
commercially  exploited  abalone  of  the  six  species  that  occur  on 
the  South  African  coast.  H.  spadicea  (Donovan  1808)  is  exploited 
by  recreational  divers  but  is  too  rare  and  small  to  be  commer- 
cially viable.  For  H.  midae.  the  annual  commercial  quota  stands  at 
550  metric  tons  (Stuttaford  1997).  It  is  estimated  that  the  amount 
exploited  by  recreational  divers  approximates  the  commer- 
cial quota  (Payne  and  Mathews  1995.  Tarr  1997).  A  third  cate- 
gory of  exploitation,  abalone  poaching  is  difficult  to  quantify. 
However,  estimates  in  just  one  area  in  the  Western  Cape  pro- 
vince show  that  at  least  40  tons  of  H.  midae,  valued  at  approxi- 
mately US  SI  million  to  local  producers,  is  poached  annually  (Tarr 
1997). 

The  incidence  of  abalone  poaching  in  South  Africa  has  in- 
creased in  recent  years  following  the  establishment  of  sophisti- 
cated syndicates  who  illicitly  procure,  process  (dry  and  canned 
abalone).  and  export  the  abalone  to  the  Far  East  (E.  Pieters,  pers. 
comm.).  The  effects  of  these  activities  are  beginning  to  affect  the 
legitimate  industry,  which  employs  several  hundred  people  and 
also  provides  a  significant  source  of  foreign  currency.  Lower  de- 
mand on  the  oversupplied  international  market  and  depreciation  of 
the  value  because  of  the  poor  quality  of  the  illicit  abalone  reaching 
the  Far  East  have  resulted  in  losses  to  legitimate  exporters.  Re- 
duced returns,  resulting  from  these  effects,  threaten  the  develop- 
ment of  abalone  farming,  in  which  there  is  currently  a  substantial 
capital  investment.  Abalone  poaching  and  illegal  trade  in  abalone 
products  are  international  problems  and  occur  for  tnost  inajor  aba- 
lone fisheries,  mainly  because  of  the  attractive  prices  obtained  (up 
to  US  $75  per  animal.  Daniels  and  Floren.  this  volume).  The 
overexploitation  of  abalone  (attributable  to  the  combined  effects 
of  both  commercial  and  illegal  fishing)  in  California  has  caused 


a  sharp  decline  in  stocks  and  the  possible  extinction  of  at  least 
one  species,  H.  sorenseni  (Tegner  et  al.  1996,  Davis  et  al.  this 
volume). 

In  several  trials  of  alleged  poachers  in  South  Africa,  the  ac- 
cused have  either  claimed  that  the  abalone  in  question  are  not  H. 
midae.  claiming  instead  that  they  are  H.  spadicea  (a  congener  for 
which  less  stringent  regulations  exist)  or  that  the  product  in  ques- 
tion is  not  abalone  at  all.  Consequent  to  such  claims,  several  al- 
leged poachers  have  been  acquitted  because  the  State  could  not 
show  that  the  confiscated  material  (especially  in  the  case  of  pro- 
cessed abalone)  was.  in  fact.  H.  midae.  In  one  case,  canned  abalone 
labeled  as  '"Product  of  Australia"  was  suspected  to  contain 
poached  South  African  abalone,  but  the  authorities  had  no  means 
of  determining  this  from  visual  inspections.  For  this  reason,  a 
method  is  required  that  would  unequivocally  identify  fresh  or  pro- 
cessed abalone  to  species  level,  and  would  conform  to  the  legal 
requirements  for  forensic  purposes. 

A  polymerase  chain  reaction-restriction  fragment  length  poly- 
morphism (PCR-RFLP)  technique  has  been  developed,  based  on 
the  lysin  sperm  protein  cDNA  sequences  previously  used  in  a 
systematic  study  of  the  Haliotis  genus  (Youn-Ho  and  Vacquier 
1995).  That  study  included  23  of  the  55  described  extant  species 
(Geiger.  1998)  and  several  of  the  approximately  25  coinmercially 
exploited  abalone  species  (Cox  1962.  Shepherd  et  al.  1992).  Dur- 
ing fertilization,  this  protein  creates  a  hole  in  the  vitteline  mem- 
brane in  the  ovum  (Vacquier  et  al.  1990).  and  given  a  proposed 
example  of  positive  Darwinian  selection,  is  unusually  divergent 
between  species:  however,  highly  conserved  within  species, 
thereby  conferring  a  high  degree  of  species  specificity  (Vacquier  et 
al.  1990.  Shaw  et  al.  1994.  Vacquier  et  al.  1997),  These  features 
make  the  lysin  gene  an  informative  tool  for  the  characterization  of 
abalone  species,  and  the  methodology  developed  in  the  present 
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TABLE  1. 

Details  and  sequences  of  PCR  primers.  V  =  C  +  T.  \V  =  T  +  A,  in  degenerate  positions.  HGEN  =  generic  primers,  HMID  =  H.  m/V/ac-specific 

primers,  HSPAD  =  H.  sparfiVeo-specitlc  primer.  Positions  (numbered  from  the  3'-cnd)  and  direction  (K  =  forward  and  R  =  reverse)  are 

according  to  the  H.  midae  lysin  cDNA  sequence  of  V'oun-Ho  and  Vacquier  (1995;  see  Fig.  4).  Partially  complementary  restriction  site 

sequences  (underlined)  were  incorporate  into  the  5'-end  of  some  of  the  primers  to  facilitate  cloning  of  products,  in  the  case  of  HMID-A, 

noncomplementary  bases  were  incorporated  in  the  5'  region  to  increase  the  TM  of  the  primer. 


PCR  Primer 


Sequence  (5'  to  3') 


Position 


HGEN- 1 

HGEN-2 

HMID-A 

HMID-UP2 

HMID-LPI 

HSPAD 


GGTCAGGAGAAACTTGATCCC 
ACTATYGWACAATGTTTACGAGTTAAATAGA 
TCTATCTACAACCGTGACACGACC 
CGTTCTAGAGAAACTTGATCCCTTCC  iXha\ ) 
GCGCTGCAGCAAAAATATTTATTTAC  (/VI ) 
GGTTCCACGTGCAATTATGC 


424-F 

620-R  - 

524-F 

428-F 

649-R 

483-R 


study  for  identificalion  of  H.  midae  products  can  be  readily 
adapted  to  other  Hciliotis  species  for  which  similar  problenis  of 
illegal  exploitation  exist. 

MATERIALS  AND  METHODS 

Specimen  Collection 

Fresh  H.  inidiie  and  H.  spndicca  specimens  were  oblained  from 
False  Bay  near  Cape  Town,  South  Africa.  H.  rubra  tissue  from  two 
individuals  was  obtained  from  Dr.  B.  Degnan  of  the  Department  of 
Zoology  at  the  University  of  Queensland,  Australia  and  was  trans- 
ported to  the  University  of  Cape  Town  in  a  frozen  state.  Dried  and 
canned  abalone,  for  control  experiments  or  as  test  cases,  were 
either  supplied  by  the  South  African  Police  Services  or  from  a 
commercial  company.  Abalone  mucous  was  obtained  by  placing 
fresh  shucked  and  cleaned  H.  midae  specimens  in  unused  plastic 
bags.  After  1  hour,  the  secreted  mucous  was  collected  and  frozen 
until  DNA  extraction. 

DNA  Extraction 

DNA  was  extracted  from  fresh  abalone  tissue  using  a  CTAB 
extraction  method.  Briefly,  0.5  g  adductor  muscle  (or  0.5  ml  mu- 
cous) was  digested  in  extraction  buffer  (100  niM  Tris,  50  mM 
EDTA,  400  mM  NaCI,  \'A  SDS.  pH  8)  with  fresh  proteinase  K 
(0.5  mg/ml)  at  55°C  overnight.  To  extract  mucopolysaccharides 
differentially,  (that  otherwise  coprecipitate  with  the  DNA)  NaCl 
(0.75  M)  and  CTAB  (1%,  Sigma,  USA)  were  added,  samples  were 
incubated  at  65°C  for  1  h,  and  then  extracted  once  with  chloro- 
form/isoamyl  alcohol  (24:1 ).  DNA  was  precipitated  by  addition  of 
ethanol,  washed,  and  dissolved  in  2  ml  TE  buffer.  For  the  dried  and 
processed  tissue,  DNA  from  approximately  25  mg  of  tissue  was 
extracted  using  a  commercially  available  DNA  extraction  kit  (Qui- 
amp  Tissue  Kit,  Quiagen  Inc.,  Germany). 

PCR  Reactions 

Each  100  )jlI  PCR  reaction  contained  approximately  500  ng 
abalone  DNA  (diluted  from  stock  extractions  in  TE  buffer),  200 
(j.m  of  each  dATP,  dCTP,  dGTP,  dTTP.  50  pmoles  of  each  primer 
(Table  I),  0.04  mM  MgCU,  2  U  of  Taq  polymerase  (Boehringer 
Mannhein,  Germany)  in  a  buffer  supplied  by  (he  manufacturer.  A 
PCR  blank,  containing  no  template,  was  used  for  each  series  of 
reactions.  PCR  reactions  were  overlaid  with  100  (xl  of  mineral 
oil  (Sigma,  USA)  prior  to  .35  cycles  of  amplification  on  a  Techne 
PHC-2  thermal  cycler.  Each  cycle  consisted  of:  denaturing  at  94'  C 


for  45  s.  annealing  at  55°C  for  45  s,  extension  at  72°C  for  45  s 
with  a  final  10  min  extension  at  72°C.  PCRs  were  performed  using 
DNA  templates  extracted  from  fresh/frozen,  dried,  or  canned  tis- 
sues and  from  mucous.  In  cases  where  poor  quality  DNA  was 
recovered,  further  purification  of  the  DNA  or  reamplification 
of  the  PCR  products  was  conducted.  PCR  blanks  (no  template) 
and,  in  test  cases,  extraction  blanks  (run  in  parallel  with  DNA 
extractions  from  disputed  abalone  samples  to  exclude  contamina- 
tion during  the  extraction  procedure)  were  run  where  appro- 
priate. In  cases  where  no  amplification  was  oblained  or  anticipated 
(e.g.,  negative  controls),  the  reactions  were  tested  for  PCR  inhi- 
bitors by  spiking  the  refractory  DNA  template  with  an  appro- 
priate freshly  prepared  DNA  template.  All  PCR  reagents  were 
stored,  and  reaction  preparations  were  conducted  in  a  laboratory 
separate  from  where  the  PCR  reactions  were  run  or  the  templates 
stored. 

DNA  Sequencing 

Where  appropriate.  PCR  products  were  directly  sequenced  us- 
ing a  USB  Sequenase  Version  2.0  DNA  sequencing  kit  modified 
according  to  the  methods  of  Casanova  et  al.  ( 1990)  and  Bachmann 
et  al.  (1990). 


Figure  1.  Confiscated  abalone  cans.  Can  A  is  a  can  of  South  African 
abalone,  and  can  C  contains  Australian  product.  Can  It  is  (he  suspect 
can,  which  is  shaped  like  the  .South  .\frican  can  (has  the  same  color 
and  size),  but  has  a  copy  of  the  .Australian  label  (i.e.,  labeled  "Product 
of  .\uslralia")  and  lacked  the  required  embossing.  The  can  was 
claimed  to  contain  H.  rubra  and  alleged  to  contain  //.  midae.  The 
conlenis  of  can  B  were  shown  to  he  //.  midae  (see  lext  and  Fig.  5 1. 
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TABLE  2. 

Predicted  and  estimated  PCR  fragment  sizes  from  various  primer  comhinatiims.  D  =  difference  between  predicted  and  detected  band  sizes 

in  base  pairs.  M  =  H.  midae,  S  =  //.  spadicea.  R  =  //.  rubra. 


Primer  Cnmbinatiim 

Predicted 

Estimated 

D  H.  midae 

DH 

spadicea 

D  H.  rubra 

hmid-up:  +  LPi 

272 

1.300 

1 .028 

HMID-A  +  HGEN-2 

146 

146 

0 

HGEN-1  +  HSPAD 

105 

1,000 

895 

HGEN-1  +  HGEN-2 

M      S      R 
250.  25-^.  250 

M      S      R 

1300,  12(HI,  700 

1 .050 

947 

450 

Strategies  for  the  Identificalinn  of  H.  midae  Amplification  Products 


Species-Specific  Approach 

H.  ////(/((('-speL'it'ic  PCR  primer  combinations  were  designed  by 
comparison  with  all  the  published  abalone  lysin  cDNA  sequences 
(Youn-Ho  and  Vacquier  1995)  and  positioning  of  one  of  the 
piimer  pairs  3'-ends  at  sites  unique  to  H.  midae  (see  Fig.  4). 
Degenerate  generic  primers  were  designed  to  amplify  DNA  from 
H.  midae.  H.  spadicea.  and  H.  rubra  and  sequence  data  derived 
from  these  PCR  products  were  then  used  to  design  H.  spadicea- 
specific  primers.  The  sequences  of  the  six  PCR  primers  designed 
for  this  study  are  presented  in  Table  1 .  HMID-A.  HM1D-UP2.  and 
HMID-LPI  are  H.  midoe-specific  primers.  HSPAD  is  H.  spadicca- 
speciflc.  and  HGEN-1  and  HGEN-2  are  generic  primers. 

Primers  HGEN-2.  HMID-A.  HMlD-LPl,  and  HSPAD  were 
located  in  the  less  conserved  3'  untranslated  region  of  the  cDNA, 
and  HGEN- 1  and  HMID-UP2  were  located  in  the  conserved  cod- 
ing region  of  the  cDNA.  The  combination  of  primers  HMID-UP2 
(F)  -I-  HMID-LPl(R)  was  predicted  to  amplify  a  fragment  of  272 
bp  in  length,  and  HMID-A(F)  -(-  HGEN-2(R)  targeted  a  smaller 
fragment  of  146  bp  from  H.  midae.  The  combination  of  primers 
HGEN- 1(F)  -t-  HSPAD(R)  targeted  a  fragment  of  103  bp  in  H. 
spadicea.  The  generic  primers  HGEN- 1(F)  -i-  HGEN-2(R)  targeted 
a  fragment  of  approximately  250  bp  in  length.  The  primers  were 
synthesized  by  the  Department  of  Biochemistry  at  the  University 
of  Cape  Town,  South  Africa. 


To  test  the  specificity  of  the  species-specific  primers,  PCRs 
were  performed  on  a  H.  midae  DNA  template  with  H.  spadicea- 
specific  primers  and  vice  versa.  H.  midae  primers  and  the  generic 
primers  were  also  tested  on  a  H.  nihra  DNA  template. 

For  canned  abalone.  the  combination  of  primers  HMID-A  + 
HGEN-2  was  used.  A  test  case  concerning  a  consignment  of  aba- 
lone of  disputed  origin  (see  Fig.  1)  was  used  to  test  this  primer 
combination,  as  well  as  to  establish  a  forensic  protocol. 

PCR-RFLP  Approach 

Informative  interspecific  polymorphisms  that  consistently  dif- 
ferentiate between  H.  midae  and  H.  spadicea  were  detected  by 
restriction  endonuclease  digestion  of  PCR  products  amplified  by 
the  generic  primers  (HGEN-1  +  HGEN-2).  The  restriction  digests 
were  either  performed  directly  on  PCR  products  or  on  gel-purified 
PCR  products  (Quiex  gel  extraction  kit.  Quiagen,  Germany). 

The  20  |j.I  digestion  reaction  consisted  of  5-10  |j.l  of  the  PCR 
reaction,  and  5  U  of  the  appropriate  restriction  endonuclease  in  a 
buffer  supplied  by  the  manufacturer.  Digestion  was  allowed  to 
occur  overnight  at  37°C.  PCR  products  and  digested  fragments 
were  visualized  by  UV  illumination  after  electrophoresis  on  2% 
agarose  gels  containing  ethidium  bromide.  Restriction  fragment 
lengths  were  estimated  by  comparison  to  a  molecular  weight 
marker  ( 100  bp  ladder)  using  a  UVP  gel  image  analyzer.  A  panel 
four,  five,  and  six-base  cutters  were  tested,  from  which  the  restric- 
tion endonucleases  Cfo  1.  Dra  1,  Hinfl.  and  Taq\  were  selected  for 
analysis. 


Figure  2.  Species-specific  PCR  products  on  a  1%  agarose  gel.  Eane  A — H.  m/rfac-specific  PCR  primers  (HMID-UP2  -i-  HMID-LPI)  on  H.  midae 
DNA  template.  Lane  B — H.  /n/dof-specific  primers  on  H.  spadicea  UNA  template.  Lane  C — H.  spadicea-specifK  primers  (HGEN-1  +  HSPAD) 
on  H.  spadicea  DN.A  template.  Lane  D — H.  spadicea-specil'w  primers  on  H.  midae  DNA  template.  Lanes  E  and  F — H.  midae-  and  H.  spadicea- 
specific  primers,  respectively,  on  mixed  DNA  (//.  midae  and  //.  spadicea)  as  positive  controls  to  show  absence  of  inhibition  of  Taq  polymerase. 
Lanes  G  and  H — PCR-blank  viith  respective  templates.  Lane  I — fragment  size  marker:  Oral  digested  1  DNA,  sizes  in  base  pairs. 
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Figure  3.  PCR  amplification  products  of  DNA  templates  with  generic 
primers  on  a  1%  agarose  gel.  Lane  A — H.  rubra  DNA  template.  Lane 
B — fragment  size  marker:  Hindlll  digested  1  DNA,  sizes  in  base  pairs. 
Lane  C — H.  spadicea  DNA.  Lane  D — H.  midae  DNA. 

RESULTS 

High  molecular  weight  DNA  was  recovered  from  all  tissue 
types,  except  in  the  case  of  dried  and  canned  abalone.  when  rela- 
tively low  molecular  weight  DNA  was  recovered  probably  attrib- 
utable to  degradation  caused  by  the  processing  of  the  abalone. 

The  fragment  size  for  all  primer  combinations,  except  HMID-A 
+  HGEN-2,  differed  from  the  size  predicted  from  the  cDNA  se- 
quences (Table  2.  Figs.  2  and  3).  DNA  sequencing  of  the  larger 


than  predicted  PCR  products  revealed  the  presence  of  an  intron  of 
between  895  and  1,100  bp  at  position  459  on  the  cDNA  sequence 
(Fig.  4)  in  H.  midae.  H.  spadicea,  and  H.  rubra.  The  same  intron 
(of  varying  size)  has  been  found  in  H.  rufescens,  H.fidgens,  and  H. 
corrugaui  (E.  Metz  pers.  comm.). 

The  fragment  size  difference  between  H.  midae  and  H.  spadi- 
cea (seen  in  Fig.  2)  is  attributable  not  only  to  the  relatively  dif- 
ferent positions  of  the  specific  primers  but  also  to  length  poly- 
morphisms in  the  intron.  Generic  primers  HGEN-1  and  HGEN- 
2  amplified  products  of  varying  size  from  H.  midae  (1.300  bp),, 
H.  spadicea  (1,200  bp),  and  H.  rubra  (700  bp,  Table  2,  Fig, 
3).  providing  further  evidence  of  interspecific  length  polymor- 
phisms in  the  intron.  which  are  in  themselves  informative  charac- 
ters. 

Using  the  species-specific  PCR  primers  HMID-UP2  and 
HSPAD,  amplification  did  not  occur  on  nontargeted  species  tem- 
plate (Fig.  2).  Decreasing  the  annealing  temperature  from  55  to 
45  C,  to  relax  the  stringency  of  the  PCR  reactions,  resulted  in  a 
number  of  nonspecific  amplified  products,  although  no  fragments 
of  a  similar  size  to  the  product  in  H.  midae  were  amplified  in  H. 
spadicea  and  vice  versa. 

Amplification  (primers  HM1D-UP2  +  HMID-LPl)  of  large 
DNA  fragments  (1,300  bp)  from  all  H.  midae  tissue  types  was 
efficient  when  DNA  was  prepared  from  fresh  material,  but  not 
from  canned  abalone  samples  (Fig.  5).  In  some  instances,  the 
efficiency  of  the  PCR  reaction  was  considerably  reduced  when 
DNA  extracted  from  dried  tissue  was  used  as  template.  To  obviate 
the  lack  of  amplification  from  canned  tissue,  the  HMID-A  + 
HGEN-2  combination  was  used  to  avoid  the  intron  (Fig.  4).  and 
the  resultant  fragment  of  146  bp  amplified  efficiently  from  DNA 
template  extracted  all  tissue  types,  including  canned  (Fig.  5:  Lanes 
H-L).  Thus,  this  fragment  is  useful  where  DNA  quality  is  poor  and 
where  only  low  molecular  weight  DNA  template  is  available.  This 
primer   combination    was   used   successfully    in   identify- 


H  midae  TTTGGAAGTA     ACCTACAGCT  TTT 

H  rubra  '  C . 

H.  laevigata        ••• * •»•  » 

H  spadicea 


HGEN.l 
GGTCAG     GAGAAACTTG     ATCCC 


i 


45<)VINTR0N  I  HSPAD 

H  midae  CATGGCAAGA     CTTATGGCCA     AACGTCCGGC  AGATATCCCA  ATtMIaTA  AT     TGCACGTOGA 

H  rubra  •••••G**AC      «..C"* CGT''A  'A •••  ••  '^M .  •  •  »  ■ 

H  laevigala        ••••AG'GAC      »....t*«*«      •••CCGT'CA  •••» •  ••  >^|  .*,.. 

H  spadicea  TG**CGT"**  ...*♦••*•• 


H.  midae 
H  rubra 
H  lae\'tga[a 
H.  spadicea 


HMID-A 


:■::::: 

.^H  •  *  .  *  ■ 
STOP 


439 
;t     GGCGTCCGTA 

•  •  •  •  •  A  •  •  • 
A     T»**'*A««T 

499 


AATGTAC  AACCGTGACA  CGAcHtAAAG  AGAGAGAGA-  -TGGGGGGTC  TTTCATCAAA 

C T-...B,....  ...£..,,,,_  _,.,.,,_..   , 

••••C • T"'»H ...c'..»«-  -......_..  .......... 

(-.*    (-*...«*...  .p...gj..*..  ».*^.*t..Q  ^y.  *♦.*_»♦  .....«.*.. 


617 


•  T 
GT 


H.  midae  CGCTGGATGG  AGCCAATGAC  GTCATCCCAG  CGCGGGGTGG  CCAGATTTTT  CACCGGATAA 

H  rubra  ..........   q...  •_.♦(..   ..........   .......... 

H.  laevigata       t'*'*«'««*      G'''*GGAC-      .....••...      .......... 

H.  spadicea        ..........      ..........      ..........      *^.,...... 

H.  midae 
H  rubra 
H  laevigata 
H  spadicea 

Figure  4.  Alignment  of  lysin  cDNA  ( Youn-Ho  and  Vacquier  1W5)  .sequences  showing  relative  position  of  PCR  primers  (these  do  not  accurately 
reflect  the  sequences  of  the  primers  as  certain  changes  were  made  for  technical  reasons,  see  Table  11.  H.  spadicea  sequence  is  included  where 
obtained.  The  positions  of  the  inlrons  and  stop  codon  are  also  indicated  where  determined  for  //.  midae  and  H.  spadicea.  Stars  indicate  identical 
nucleotide  bases  to  H.  midae,  dashes  indicate  insertions  for  alignment. 


HMID-LPl                                       671 

HGEN-2 
TCTATTTA     ACTCGTAAAC     ATTGTACAAT     A 

...,,..,      ..........      T  •  G  •  •      • 

GT 

AAATAAA     TATTTTTOCT     ACGA 

• Q.  .....  .      ...  .jAA 
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Figure  5.  PC'R  amplification  products  from  DNA  extracted  from  several  H.  midae  tissue  types  on  a  2%  agarose  gel.  Lanes  A-F — primer 
combination  HMID-l  P2  and  HMID-LPl.  Lanes  H-L— primer  combination  HMID-A  and  H(;KN-2.  Lanes  A  and  H— fresh/frozen  tissue  DNA 
extract.  Lanes  B  and  I — canned  tissue.  Lanes  C  and  .1 — dried  tissue.  Lanes  D  and  K — abalone  mucous.  Lane  V. — canned  abalone  DNA  with  fresh 
tissue  DNA  added  to  test  for  inhibition.  Lanes  V  and  L — PC'R  blanks.  Lane  G — fragment  size  marker:  Dra\  digested  1  DNA,  size  in  base  pairs. 
Note  lack  of  amplification  in  lane  B  and  successful  amplification  of  the  smaller  fragment  from  the  same  tissue  in  Lane  L  Size  estimates  of  PCR 
products  are  in  base  pairs. 


ing  the  origin  of  samples  of  confiscated  cantied  abalone  (Figs.  1 
and  6). 

RFLPs  revealed  both  site  presence/absence  and  length  charac- 
ters that  differentiated  H.  midae  from  H.  spadiceu  (Fig.  7,  Table  3). 
The  digests  were  repeated  on  40  individuals  (from  geographically 
separate  populations)  and  revealed  no  intraspecific  polymorphisms 
with  the  enzymes  tested.  Digests  carried  out  directly  on  PCR  prod- 
ucts were  as  efficient  as  those  performed  on  purified  PCR  product. 

DISCUSSION 

Molecular  and  biochemical  methods  for  the  identification  of 
species  e.xisi  for  several  pui"poses  and  utilize  species-specific  pro- 
tein and  DNA  polymorphisms  detected  by  a  variety  of  systems. 
For  medical  and  agricultural  purposes,  diagnostic  methods  that 
identify  parasites  or  infection  to  species  level  have  been  applied 
(e.g..  Armstrong  et  al.  1997.  Crabtree  et  al.  1997,  Kageyama  el  al. 
1997.  Lampo  et  al.  1997.  Roehrdanz  1997).  Food  quality  control 
and  authentication  of  processed  food  contents  rely  on  such  tech- 
niques (Hunt  et  al.  1997.  Ruggeberg  et  al.  1997),  especially  in  the 
case  of  fish  and  other  marine  products  (e.g..  Ward  et  al.  1995. 
Meyer  and  Candrian  1 996,  Partis  and  Wells  1 996.  Ram  et  al.  1 996, 
McKay  et  al.  1997,  Rehbein  et  al.  1997).  Such  methods  have  been 
applied  to  crustaceans  (Gangar  et  al.  1996,  Powell  et  al.  1995)  and 
mollusks  where  mtDNA  has  been  used  to  identify  which  species  of 
land-snail  were  contained  in  disputed  canned  products  (Borgo  et 


al.  1996)  and  to  identify  sibling  species  of  invading  bivalve  species 
(Geller  et  al.  1994.  Geller  and  Powers  1994).  Molecular  identifi- 
cation of  species  for  forensic  purposes  has  been  used  in  plants 
(e.g.,  Gigliano  et  al.  1997)  and  mammals  (e.g..  Miller  et  al.  1995, 
Murray  et  al.  1995)  where  DNA  polymorphisms,  amplified  from 
DNA  templates  extracted  from  bloodspots,  have  been  used  to  de- 
termine whether  animals  have  been  poached. 

The  features  of  the  lysin  gene,  species-specificity,  the  high 
degree  of  divergence,  and  the  presence  of  the  intron  are  advanta- 
geous for  the  identification  of  abalone  species  for  forensic  pur- 
poses. It  may  be  especially  useful  where  discrimination  between 
closely  related  species  or  subspecies  such  as  H.  discus  discus  and 
H.  discus  lumnai  is  required. 

Although  the  structure  of  the  lysin  protein  has  been  well  stud- 
ied (Shaw  et  al.  1994),  the  genomic  structure  remains  unresolved. 
Although  positive  Darwinian  selection  on  the  lysin  protein  has 
resulted  in  a  remarkable  degree  of  divergence  at  the  protein  level 
between  species  (Vacquier  et  al.  1990,  Shaw  et  al.  1994,  Vacquier 
et  al.  1997),  the  introns  are  more  conserved  (Vacquier,  unpub- 
lished data).  Nevertheless,  there  is  variability  with  respect  to  the 
length  of  the  intron  examined  in  this  study.  It  was  fortuitous  that 
the  PCR  primers  designed  here  were  located  in  adjacent  exons,  and 
that  the  defined  genomic  fragment  was  small  enough  to  be  easily 
amplified  under  the  reaction  conditions  used. 

The  species-specific  primers  used  in  this  study  demonstrate 


Figure  6.  Test  case  of  disputed  origin  of  canned  abalone  using,  primer  combination  HMID-A  and  HGEN-2  for  the  establishment  of  a  protocol 
on  a  2'7f  agarose  gel.  Lane  \ — positive  control  with  fresh  H.  midae  DNA  template.  Lane  B — positive  control  with  canned  //.  midae  (Can  A,  Fig. 
1)  DNA.  Lane  C — negative  control  with  fresh  H.  rubra  1)N,\.  Lane  D — DNA  extracted  from  contents  of  a  can  of  disputed  origin  (not  shown  in 
Fig.  I).  Lane  E — DNA  extracted  from  contents  of  disputed  can  B  (Fig.  1).  Lanes  F'-l — positive  controls  to  test  for  inhibition  of  Tag  polymerase — 
50%  mixtures  of  H.  midae  DN.4  with  original  templates  as  in  lanes  B-F2,  respectively.  Lane  J — PCR  blank.  Lane  K — extraction  blank.  Lane 
L — fragment  size  marker />ral  digested  1  DNA  (lower  fragment  of  doublet  =  174  bp). 
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Figure  7.  RFLPs  of  generic  PCR  (HGEN-1  +  HGEN-2)  products  from 
H.  midae  and  H.  spadicea  on  a  2%  agarose  gel.  Lanes  A  and  L — 10(1  bp 
DNA  ladder  (fragment  size  marker,  sizes  in  base  pairs).  Lanes  B,  D,  F, 
H,  J — H.  midae.  Lanes  C,  E,  G,  L  K — H.  Spadicea.  Lanes  B,  C — un- 
digested PCR  product.  Lanes  D,  E — Dra\.  Lanes  F\  G — Cfol.  Lanes  H, 
I — Taql.  Lanes  J,  K — Hiiifl. 

complete  specificity.  At  an  annealing  temperature  of  55°C,  H. 
iJiidae-ipec\f\c  primers  did  not  amplify  any  DNA  tested,  other  than 
the  targeted  fragment  in  H.  midae.  Notwithstanding  this,  the  spe- 
cies-specific approach  relies  on  a  negative  result  (nonamplifica- 
tion)  to  prove  that  a  sample  is  not  of  a  particular  species.  Even  with 
the  appropriate  controls,  this  might  present  legal  problems,  and  for 
this  reason,  the  species-specific  amplification  approach  should  be 
used  as  a  complement  to  the  RFLP  approach. 

Use  of  the  generic  primers  to  amplify  across  the  intron,  has  the 
advantage  of  differentiating  between  the  abalone  species  because 
of  the  size  difference  of  the  PCR  product,  even  before  digestion  by 
restriction  endonucleases.  The  size  of  the  intron  varies  between 
species  substantially,  ranging  between  approximately  500-1,100 
bp.  Preliminary  data  suggest  that  the  size  of  the  intron  might  be 
substantially  larger  (in  the  region  of  4.500  bp)  in  H.  laevigata. 
making  this  a  robust  differentiating  character  in  general.  The  RFLP 
pattern,  however,  provides  incontrovertible  evidence  as  to  the  ori- 
gin of  the  PCR  product.  Although  all  four  restriction  endonu- 
cleases can  differentiate  between  H.  midae  and  H.  .-spadicea.  not  all 
four  would  need  to  be  u.sed  in  one  instance. 

In  other  examples,  where  PCR.  RFLPs  have  been  used  to  iden- 
tify species,  the  target  fragments  have  been  between  100  and  100- 
500  bp,  with  most  less  than  500  bp  in  length  (Borgo  et  al.  1996. 
Ram  et  al.  1996,  Rehbein  et  al.  1997).  In  the  present  study,  the 
fragments  were  originally  designed  to  be  less  than  .^00  bp  in 
length,  but  because  of  the  presence  of  the  intron.  they  were  found 
to  be  at  least  three  times  this  size.  This  has  proved  to  be  problem- 
atic in  cases  where  canned  abalone  has  been  analyzed,  because 
DNA  can  become  degraded  by  the  canning  process  (Ram  et  al. 
1996).  This  was  partly  true  for  dried  abalone.  where  the  PCRs 
that  targeted  the  larger  fragments  worked  inefficiently.  Most  ille- 
gally exported  abalone  is  likely  to  be  shipped  either  canned  or 
dried  (morphologically  distinguishing  features  are  destroyed  in  the 
process),  and  therefore,  it  is  important  that  smaller  PCR  products 
can  be  targeted  to  obviate  this  potential  problem.  Where  sequences 


TABLE  3. 

Summary  of  restriction  fragments  differentiating  between  H.  midae 

and  H.  spadicea  after  digestion  of  PCR  products  using  generic 

primers.  Sites  =  number  of  recognition  sites.  Sizes  are  length  in  base 

pairs.  Sizes  were  estimated  from  a  standard  curve  calculated  from  a 

1(»0  bp  DNA  ladder  (Fig.  7).  Note  that  the  508  bp  band  for  Cfol  and 

the  171  bp  and  180  bp  for  Taq\  appear  as  one  band  in  Figure  7 

because  2%  agarose  has  a  resolving  power  of  30  bp. 


H.  midae 

H.  spadicea 

R.E. 

Sites 

Sizes 

Sites 

Sizes 

Dial 

1 

1032. 268 

1 

768.40.  192 

Cfol 

3 

508.  508.  207, 

76 

1 

654,  350,  204 

Taql 

3 

725.217.  180. 

171 

1 

685.515 

Hinfl 

3 

455.  390.  3 1 2. 

142 

3 

410.331  263.  1% 

are  too  short  to  find  differentiating  loci,  site-directed  mutagenesis 
exploiting  interspecific  polymorphisms  to  generate  species- 
specific  restriction  sites  have  been  employed  (Geller  and  Powers 
1994). 

Provided  that  the  appropriate  precautions  and  controls  are  used 
to  exclude  the  possibility  of  carryover  or  contamination  from  other 
sources  (Knight  1991)  and  that  disputed  tissue  is  collected  and 
stored  correctly,  this  technique  will  help  to  miniinize  the  number 
of  eiToneous  acquittals  in  abalone  poaching  cases,  in  South  Africa 
in  particular.  For  this  to  occur,  a  process  of  accreditation  of  this 
technique  is  to  be  completed  by  the  South  African  Police  Services" 
forensic  laboratories,  where  legal  standards  of  control  are  main- 
tained. 

The  efficient  amplification  of  H.  riihru  DNA  with  the  generic 
primers  shows  that  the  technique  can  be  easily  adapted  to  other 
Haliotis  fisheries  where  similar  problems  exist  or  where  quality 
control  requires  species-level  identification.  Currently,  such  in- 
vestigations are  underway  for  Caiifomian  and  Australian  abalone 
species.  Ultimately,  the  success  of  this  technique  will  depend 
upon  proper  legal  implementation  and  application.  To  deal  with 
poaching,  however,  this  contribution  is  but  one  of  several  ap- 
proaches to  attempt  to  police  and  control  this  complex  threat  to  the 
stability  and  sustainability  of  the  South  African  and  other  abalone 
fisheries. 
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ABSTRACT  The  experimental  release  of  juvenile  abalone  (Halioris  inkiue)  in  an  area  beyond  the  natural  range  of  the  species,  on  the 
northwest  coast  of  South  Africa  was  evaluated.  A  novel  release  mechanism  was  designed  and  tested  for  these  experiments.  Mean 
minimum  survival  rates  at  three  experimental  sites,  at  6  months  postrelease,  were  about  30"*,  and  growth  rates  were  within  the  range 
of  those  reported  for  naturally  occurring  populatioiis  farther  south.  Seasonal  growth  effects  as  well  as  between  release  site  variability 
were  observed.  These  factors  as  well  as  age  at  release  and  some  economic  considerations  (recapture  rate  and  associated  profit  for  one 
ton  of  market  size  abalone)  were  considered.  Based  on  these  results,  it  is  concluded  that  seeded  abalone  will  reach  market  size  between 
3.5  and  6  years  postsettlement,  which  we  suggest  offers  good  prospects  for  commercial-scale  abalone  ranching  on  this  coast. 

KEY  WORDS:     abalone  ranching.  H.  midae.  South  Africa,  reseedina 


INTRODUCTION 

Consequent  to  the  development  of  several  abalone  culture  fa- 
cilities in  South  Africa  (Cook  1990),  the  feasibility  and  potential  of 
abalone  seeding,  for  both  commercial  (ranching)  and  stock  en- 
hancement purposes,  requires  appraisal.  Currently  in  South  Africa, 
the  commercial  abalone  quota  stands  at  550  mt/y  (Stuttaford 
1997).  This  represents  a  reduction  of  some  65  tons  from  the  1995 
to  1996  season,  resulting  from  a  decision  taken  because  of  a  de- 
cline in  the  southwestern  Cape  stocks  where  overexploitation  (by 
fishing,  poaching,  and  recreational  utilization)  has  occurred  (SAN- 
COR  1996).  The  decline  has  resulted  in  a  lowering  of  abalone 
density  to  below  what  is  considered  high  enough  to  facilitate  re- 
production (Tegner  1993,  SANCOR  1996,  Tarr  et  al.  1996)  with 
many  sublegal-sized  abalone  targeted  by  poachers.  This  factor, 
together  with  a  marked  increase  in  predation  of  sea  urchins  (on 
which  abalone  recruits  depend  for  protection.  Day  1998)  and  ju- 
venile abalone  by  crayfish  has  led  to  a  recruitment  failure  in  the 
area,  which  forms  part  of  the  region  of  most  concentrated  fishing 
effort  for  abalone  (Tarr  et  al.  1996).  In  light  of  this  decline  and  the 
need  for  the  stimulation  of  economically  depressed  coastal  regions 
such  as  the  northern  west  coast  of  South  Africa  (Solomons  1996), 
the  prospects  of  abalone  seeding  are  particularly  relevant. 

Abalone  ranching  is  the  basis  for  a  significant  proportion  of  the 
abalone  fishery  in  Japan  (Saito  1979.  Saito  1984,  Kojima  1995), 
and  experimental  seeding  and  the  transplant  of  both  juveniles  and 
broodstock  has  been  attempted  with  various  species,  with  a  range 
in  estimates  of  success  (reviewed  by  McCormick  et  al.  1994). 

Ahhough  several  devices  for  abalone  seeding  have  been  tested, 
ranging  from  sophisticated  timed-release  systems  to  disposable 
PVC  containers  (Ebert  and  Ebert  1986,  McCormick  et  al.  1994). 
other  factors,  such  as  size  at  release,  stocking  density,  predation, 
microhabitat,  and  economics  have  all  been  identified  as  important 
contributors  to  the  success  or  failure  of  abalone  seeding.  Economic 
viability  is  a  factor  that  has  generally  been  neglected,  with  the 
notable  exceptions  of  Emmet  and  Jamieson  1989,  Schiel  1992, 
Schiel  1993,  and  Kojima  1995,  where  it  is  demonstrated  that  eco- 
nomic success  is  not  always  attainable,  even  where  biological 
viability  of  seeding  was  achieved. 

Where  hatchery-produced  abalone  seed  are  easily  distinguished 


from  naturally  occurring  seed  (e.g.  Haliolis  discus  discus,  Kojima 
1995),  the  difficulty  with  assessment  of  success,  in  terms  of  sur- 
vival and  growth  rate,  is  easier  to  overcome  than  where  they  are 
indistinguishable,  as  is  the  case  with  Haliotis  midae.  More  re- 
cently, an  assessment  of  the  success  of  abalone  seeding  has  been 
achieved  using  genetic  markers  (Gaffney  et  al.  1996), 

Here,  we  report  on  the  results  of  seeding  experiments  at  Port 
Nolloth,  on  the  northwest  coast  of  South  Africa.  Port  Nolloth  lies 
approximately  400  km  north  of  the  range  of  the  abalone  Haliotis 
midae  (Branch  et  al.  1994,  Fig.  I ).  Although  the  subtidal  environ- 
ment is  typical  West  Coast  kelp  bed  (Eekhout  et  al.  1992,  Emanual 
et  al,  1992),  and  superficially  resembles  that  of  abalone  habitat 
farther  south,  only  fossil  evidence  of  an  extinct  species,  Haliotis 
saldanhae  occurs  on  the  coast  in  2-million-year-old  diamond  rich 
sediments  (Kensley  and  Pether  1988).  This  renders  the  environ- 
ment ideal  for  experimental  abalone  seeding  by  obviating  the  need 
to  distinguish  the  seed  from  naturally  occurring  recruits.  Seeding 
into  environments  previously  uninhabited  by  abalone  has  prece- 
dent in  Japan.  Saito  (1979)  reports  on  a  fishery  of  150  mt  from 
Funka  Bay,  which  was  devoid  of  abalone  prior  to  seeding.  The 
efficacy  of  a  novel  release  device  was  tested,  and  some  economic 
factors  of  abalone  ranching  were  modeled. 

MATERIALS  AND  METHODS 


Abalone  Seed 

Abalone  seed  were  provided  by  Port  Nolloth  Sea  Farms.  The 
first  cohort  to  be  released  (CHTI)  was  obtained  from  abalone 
larvae  that  were  settled  in  the  hatchery  at  Port  Nolloth  Sea  Farms 
in  April  1995  and  grown  for  6  months  prior  to  release  in  Septem- 
ber 1995.  A  second  cohort  (CHT2),  released  in  April  1996  com- 
prised 4-month-old  individuals  obtained  from  a  separate  settlement 
at  the  hatchery.  The  seed  were  fed  on  varied  diet  of  diatoms  and 
macroalgae  (Ecklonia  maxima)  before  release.  Shell  lengths  of  a 
random  sample  of  1 30  seed  form  each  cohort  were  measured  at  the 
time  of  release  and  assumed  to  be  representative  of  the  size  at 
release  of  the  seed. 
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Site  Selection 

The  releases  took  place  in  September  1995  and  April  1996  at 
Stilbaai  in  Port  Nolloth  (29°14'S,  16°53'E,  Fig.  1).  a  small  shel- 
tered bay,  with  a  southern  rocky  beachhead  that  supported  an 
extensive  kelp  bed.  Before  release,  three  sites  were  carefully  se- 
lected on  the  basis  of  protection  from  direct  wave  action  and  the 
presence  of  .sea  urchins  (Parechiiiiis  aiigidosus),  because  juvenile 
abalone  are  generally  found  sheltering  under  sea  urchins  (Day 
1997)  in  the  near  subtidal  shallow  water  (Tarr  1989). 

The  first  site  (A)  endured  more  seawater  wash  than  the  second 
(B).  Although  site  A.  which  was  located  at  about  mean  low  water 
springs  and  was  protected  from  wave  action  by  rocks,  it  was  shal- 
lower than  the  site  B  and  had  no  kelp  canopy.  Site  B  was  located 
in  a  relatively  deeper  depression  (1.5  m  at  low  tide)  and  was 
protected  by  a  subtidal  rocky  ridge  and  a  relatively  high  density  of 
kelp.  For  the  second  release  experiment,  a  third  site  was  employed 
(C),  which  was  chosen  on  the  basis  of  its  close  resemblance  to 
site  B. 

Release  Method 

The  method  employed  for  release  of  the  seed  used  a  specially 
designed  release  module  (a  series  of  welded  PVC  gutter-pipes,  Fiy 
2A,B),  which  was  mounted  on  a  concrete  platform  (Fig.  2C).  This 
design  was  based  on  the  criteria  that  handling  of  abalone  should  be 
minimized,  and  that  the  release  device  should  be  cheap,  stable, 
durable,  retrievable,  and  non-polluting.  Basal  dimensions  of  the 
release  module  were  30  x  16  cm,  and  the  total  internal  surface  area 
of  the  module,  including  base  and  half-pipes,  was  9268  cm". 

The  selected  release  position  at  sites  A.  B,  and  C  were  cleared 
of  urchins  and  other  organisms  (to  prevent  crushing  them  and 
attracting  predators)  and  the  concrete  platforms  (after  leaching  for 
several  days  in  sea  water)  were  set  in  place  at  least  1  day  before 
release.  On  the  day  of  release,  abalone  seed  (4  to  6  months)  were 
enumerated  on  kelp  fronds  to  which  they  adhere  in  the  hatchery. 
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Figure  1.  Experimental  arm. 


Figure  2A.  Sealed  release  module  (side  view)  consisting  of  PVC  half 

gutter-pipes.  See  text  for  details. 

Figure  2B.  Release  module  containing  800  hatchery-reared  abalone 

seed  with  transparent  P\  C  base.  Ibollom  view). 

Figure  2C.  A  concrete  ingot-shaped  blocl\  measuring  0.5  x  0.4  x  0.2  m 

at  the  base,  impregnated  with  metal  olTcuts  (a)  for  weight  and  with 

n>lon  bolts  lb)  embedded  to  lit  the  release  modules  is  placed  at  the 

preselected  release  point. 

The  abalone  were  cither  transferred  directly  into  the  release  mod- 
ules along  with  the  kelp  fronds  or  the  fronds  were  quickly  trans- 
fen-ed  to  glass  tanks  filled  with  sea  water,  which  contained  the 
release  module.  In  the  latter  case,  the  seed  were  induced  to  move 
into  the  module  by  exposure  to  ambient  light,  in  the  absence  of 
alternative  shelter.  Once  the  seed  had  entered  the  module  it  was 
sealed  with  nylon  mesh  ami  a  plastic-heal  gun,  to  keep  the  seed 
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inside  and  predauns  out.  without  impeding  the  How  ol  waler 
through  the  release  module  (see  Fig.  2A).  The  stocking  densits 
was  approximately  500  seed  per  module  (i.e. .500  seed  per  site)  at 
sites  A  and  B  (CHTl )  in  September  1995  and  800  seed/site  at  sites 
B  and  C  in  .-Xpril  1996  (CHT21. 

Alter  placement  of  the  modules  by  a  diver,  a  number  of  sea 
urchins  were  collected  and  placed  in  close  proximity  to  the  plat- 
form. Twenty-four  hours  after  the  release  modules  were  placed  on 
the  platforms  (allowing  time  for  the  seed  to  acclimatize  and  mu- 
cous to  wash  away),  the  modules  were  opened,  and  the  seed  were 
allowed  to  move  out  spontaneously.  The  opening  of  the  traps  was 
timed  to  coincide  with  early  evening,  because  this  is  when  abalone 
are  most  active  (Hayashi  1988.  Tarr  1989).  Twenty-four  hours 
after  release,  the  modules  were  inspected  for  the  presence  of  seed, 
and  those  without  seed  were  recovered. 

Recapture 

In  April  1996  (6  months  after  release),  samples  of  seed  from  the 
first  cohort  were  recaptured  from  sites  A  and  B  (first  growth  pe- 
riod, summer).  In  September  1996,  a  second  sample  of  CHTl  was 
recaptured  (12  months)  from  sites  A  and  B  (second  growth  period, 
winter).  In  March  1997.  an  additional  sample  from  Site  B  (18 
months)  was  obtained  for  CHTl  (third  growth  period,  summer). 
but  by  this  time,  no  further  seed  could  be  found  at  site  A.  Samples 
of  the  second  cohort  (sites  B  and  C)  were  concurrently  sampled  (6 
months  after  release.  September  1996.  winter),  and  March  1997 
(12  months  after  release,  summer).  Therefore  seasonal  samples  for 
two  summer  periods  and  one  winter  growth  period  were  obtained 
for  CHTl  and  a  summer  and  a  winter  growth  period  for  CHT2. 
Sampling  was  conducted  by  random  searches,  radiating  from  the 
point  of  release  and  covering  a  circular  area  with  a  radius  of  about 
15  m.  To  locate  the  seed,  sea  urchins  were  removed,  and  small 
boulders  were  turned.  To  allow  for  repeated  sampling,  nonexhaus- 
tive  sampling  of  the  sites  was  conducted.  Once  approximately  100 
individuals  were  collected  (where  possible),  sampling  was  termi- 
nated. Thus,  estimates  of  maximum  survival  were  not  obtained 
from  these  experiments.  However,  estimates  of  minimum  survival 
after  6  months  could  be  made  by  summing  the  total  number  of  seed 
collected  at  each  site  during  the  duration  of  the  experiment  and 
expressing  this  as  a  proportion  of  the  number  seeded. 

Data  Analysis 

Mean  shell  lengths  were  compared  after  growth  periods  of  6 
and  12  months  (sites  A  and  B)  postrelease  for  CHTl  and  after  6 
and  12  months  postrelease  (sites  B  and  C)  for  CHT2  with  Mann- 
Whitney  U  tests.  Because  CHT2  were  younger  than  CHTl  at 
release  and  were  released  in  a  different  season,  a  comparison  of 
mean  shell  length  was  not  attempted  between  the  cohorts. 

Growth  rate  analysis  for  the  18  months  postrelease  was  per- 


lormcd  lor  CHTl  at  site  B  for  which  most  data  was  asailable.  The 
nonlinear  iterative  facility  in  the  Statistica  Ver.  5  (Statsoft  1992) 
software  package  was  used  to  perform  regressions  on  the  age- 
length  data.  Two  growth  models  were  evaluated;  the  Von  Berta- 
lanffy  growth  function,  and  a  power  curve  (see  Kerstan  1995).  Size 
at  age  0  was  assumed  to  be  0. 

The  size-at-age  data  were  compared  with  those  calculated  from 
Von  Bertalanffy  growth  equations  in  published  data  from  H.  inidae 
populations  within  its  natural  range  (Tarr  1995).  The  instantaneous 
linear  growth  increments  were  also  determined  to  compare  the 
results  for  growth  periods  monitored. 

Minimum  survival  at  6  months  postrelease  was  estimated  from 
the  cumulative  proportion  of  recaptured  juveniles.  Because  the 
first  collection  date  was  6  months  after  seeding,  all  those  collected 
in  subsequent  samples  had  also  survived  up  until  this  point.  Using 
this  method  of  estiination,  the  more  a  site  is  sampled,  the  better  the 
estimation  of  minimum  survival.  Because  the  release  sites  were  not 
destructively  sampled,  estimates  of  minimum  mortality  were  not 
obtained.  The  release  sites  were  searched  for  the  presence  of  dead 
abalone  shells. 

Economic  Modeling 

A  simple  1-ton  model  was  developed  to  investigate  some  of  the 
variables  associated  with  the  production  of  1  ton  (1,000  kg)  seeded 
abalone.  Recapture  rate  (defined  as  the  proportion  of  a  seeded 
cohort  recaptured  at  market  size)  was  plotted  against  the  number  of 
seed  that  would  have  to  be  seeded  to  produce  1  ton  of  market  size 
animals  (100-mm  length/100-g  whole  weight).  Cost  of  the  seed 
was  estimated  at  Rl.OO  and  R1.50/animal  (-t-lO^  for  handling  and 
marketing  costs).  In  the  model,  the  value  of  abalone  was  estimated 
at  US  S35  per  kg  (R157500.00  per  ton). 

RESULTS 

Release  Modules 

Juvenile  abalone  (4-6  months)  moved  spontaneously  into  the 
release  modules  when  transferred  on  kelp  fronds.  It  all  cases,  ap- 
proximately 30  minutes  was  required  to  fully  stock  the  release 
modules.  Bunching  of  seed  did  occur,  but  they  were  evenly  spread 
throughout  the  module  within  2  hours  (Fig.  2B).  Mortality  at  this 
stage  was  below  1%.  based  on  retrieval  of  dead  abalone  from  the 
glass  transfer  tanks. 

Twenty-four  hours  after  release,  approximately  95%  of  the  seed 
had  left  the  module  and  were  located  under  adjacent  sea  urchins 
and  under  the  release  platforms.  In  all  cases,  all  the  seed  had  left 
the  module  within  48  hours  of  release.  No  dead  abalone  shells 
were  located  on  or  near  the  release  sites.  No  noticeable  increase  in 
predator  density  was  observed,  although  data  were  not  collected  in 
this  reaard. 


TABLE  \. 
Numbers  of  abalone  seed  released  and  recovered  from  samples  at  Port  Nolloth.  CHTl  released  in  9/95,  CHT2  released  in  4/96. 


Released 


.\pril  1996 


Sept.  1996 


March  1997 


Minimum  Survival 
after  6  Months 


Site  A-CHTl 
Site  B-CHTI 
Site  B-CHT2 
Site  C-CHT2 


5(X) 
500 
800 

800 


97 
107 


40 

70 

124 
145 


Not  sampled 
19 
99 
60 


27.4% 
39.2% 
27.8% 
25.6% 


900 
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Survival 

Table  1  shows  the  number  of  individuals  recaptured  from  each 
of  the  release  sites  and  the  minimum  survival  estimates  at  6 
months. 

A  nuiTiber  of  predatory  species  were  observed  at  the  release 
sites,  although  it  is  not  known  whether  there  was  an  associated 
increase  in  density  of  these  species  at  the  sites.  At  site  B,  a  single 
octopus  {Octopus  vulgaris)  was  located  beneath  the  release  plat- 
form, and  at  site  C.  two  rocksucker  fish  iCIuirisochismus  dentex) 
were  located  beneath  the  release  platform.  Both  of  these  species 
are  known  predate  on  abalone  (Scott  1997).  Only  one  dead  abalone 
shell  was  recovered  during  sampling. 


TABLE  2b. 

Mean  shell  lengths  at  Port  Nolloth. 

Port  Nolloth 

Sept.  95''     April  96 

Sept.  96 

March  97 

CHTl 

FN:  A-CHTl  (±  SDf 

14.8(3.0)     22.2(3.8) 

28.0(4.7) 

PN;  B-CHTl  (±  SDf 

14.8(3.0)     26.6(4.6) 

32.2(3.8) 

41.6(4.0) 

CHT2 

April  96'' 

Sept.  96 

March  97 

PN;  B-CHT2(±SDl'' 

8.2(1.7) 

14.6  (2..S) 

22.7  (3.9) 

PN:  C-CHT2(±SD)-' 

8.2(1.7) 

13.7(2.1) 

21.2(2.9) 

"  Mean  shell  lengths  for 

Port  Nolloth  sites  A,  B, 

orC. 

•^  Size  at  release. 

Growth 

Estimates  of  mean  size-at-age  for  6,  12,  18,  and  24-month-old 
abalone,  from  two  sites  within  the  natural  range  of  W.  midae  (rep- 
resenting the  lowest  and  highest  growth  rates),  are  shown  in  Table 
2a.  The  empirical  mean  shell  lengths  (±1  SD)  for  Port  Nolloth 
CHTl  and  CHT2  at  sites  A,  B,  and  C  for  the  various  sample  dates 
are  presented  in  Table  2b.  Length  increments  for  the  growth  pe- 
riods by  season  are  indicated  in  Table  2c.  Although  the  data  fall 
within  the  range  of  growth  rate  estimates  for  the  natural  popula- 
tions, length  increments  after  the  two  growth  periods  were  gener- 
ally less  than  those  estimated  for  the  natural  populations  after  an 
equivalent  period  of  growth.  The  data  for  CHT 1 ,  sites  A  and  B.  aie 
represented  graphically  in  Figure  3  and  demonstrate  the  maiked 
difference  in  growth  for  these  two  sites.  The  seasonal  effect  on 
growth  increment  is  also  clear  from  the  mean  growth  increments 
(Table  2c,  Fig.  4).  Summer  growth  increments  were  generally 
20-50%  greater  than  those  for  winter  growth. 

In  the  first  summer  growth  period  for  cohort  1  at  site  B,  the 
mean  growth  increment  was  almost  double  that  at  site  A,  resulting 
in  a  statistically  significant  difference  between  mean  lengths  of 
abalone  at  sites  A  and  B  (p  <  .0001,  Fig.  3).  Although  the  mean 
shell  lengths  between  sites  remained  significantly  different  after 
the  second  growth  period  (p  <  .001)  the  growth  increment  was 
similar  in  both  sites,  indicating  that  growth  at  site  B  had  slowed  to 
a  similar  rate  to  that  at  site  A.  The  growth  increments  at  sites  B  and 
C  were  similar  for  both  growth  periods  monitored  after  release  for 
CHT2,  however  the  difference  in  mean  shell  lengths  was  statisti- 
cally significant  (p  <  .002). 

Growth  Rate  Estimates 

A  power  curve  (Fig.  5)  best  fitted  the  data  (r  =  0.88)  for  CHTl, 
site  B.  Although  statistically  significant  parameters  for  the  Von 
Bertalanffy  growth  equation  were  attained,  L-,_  was  unreasonably 
low  (r  =  0.88.  Fig.  5).  This  has  occurred  as  a  lesult  of  the  attempt 
to  estimate  the  parameters  on  only  part  of  the  giowth  curve  rather 

TABLE  2a. 
Size  at  age  calculated  for  natural  populations." 


Site/Age 
Natural  Stocks 


Robben  Island 
Danger  Point 
Mean 


19.1 
9..S 
1.3.5 


36.0 
18.5 
29.5 


50.9 
27.1 
42.1 


64.3 
35.2 
49.3 


than  a  complete  gi'owlh  profile  (Kerstan  1995).  Both  equations 
were  used  to  plot  growth  curves,  along  with  the  maximum  and 
ininimum  growth  curves  (Von  Bertalanffy)  for  the  first  2  years  in 
natural  populations  (Fig.  5).  Although  the  estimates  indicate  a 
relatively  slow  rate,  they  fall  within  the  natural  range  reported 
(Tarr  1995). 

Economic  Model 

The  results  from  the  economic  model  are  plotted  in  Figure  6. 
This  shows  that  seeding  is  not  profitable  at  return  rates  below 
about  1 0%  and  that  a  return  rate  of  about  20%  or  above  would  be 
desirable  to  ensure  a  profitable  operation.  The  position  of  the 
curves  and  resulting  profit  margin  depend  upon  several  factors  not 
included  in  this  model.  These  include  volume  (tonnage),  intemal 
rate  of  return  of  investment,  production  cost,  price  and  exchange 
rate. 

DISCUSSION 

Handling  of  abalone  in  hatcheries  inevitably  leads  to  mortality 
(McCormick  et  al.  1994).  The  system  designed  and  tested  here 
successfully  obviates  the  need  to  handle  the  abalone  seed  at  any 
stage  of  the  release  procedure.  Although  the  experiments  were 
conducted  on  a  relatively  small  scale,  adaptation  to  a  commercial 
scale  should  present  no  insurmountable  obstacles.  Another  detri- 

TABLE  2c. 

Average  growth  increments  by  season  for  natural  stocks  and 
Port  Nolloth. 


6  Months      12  Months      18  Months      24  Months 


A6" 


^6" 


A6^ 


A12         A18 


16.9 

9.0 

14.0 

Snninier 

7.4 

11.7 

Winter 

6.4 

5.5 


14.9 

8.6 

12.6 

Winter 

5.8 

5.7 

Summer 

8.1 

7.5 


13.4 
8.1 

7.2 
Summer 

9.2 


31.8 
17.7 
26.6 

13.2 
17.4 

14.5 
13.0 


45.2 
25.7 
33.3 


29.9 


°  Calculated  from  growth  curves  after  Tan-  1995. 


Site/Period 

Robben  Island* 
Danger  Point* 
Mean* 
Port  Nolloth 

PN:  A-CHTl 

PN:  B-CHTl 
Port  Nollolh 

PN:  B-CHT2 

PN:  C-CHT2 

*  Calculated  from  growth  curves  after  Tarr  1995:  A6°  =  increment  after 
first  6  months  poslielease/setllement;  A6''  =  increment  after  second  6 
months  postrelease/seltlcment;  A6"  =  increment  after  third  6  month.s  post- 
release/.settlement;  A 12  =  increment  after  12  months  poslieloasc/ 
settlement:  A18  =  increment  after  18  months  poslielease/setllement 
(selllemenl  m  ihc  case  ol  naliiial  slocks). 
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Release  (6  months) 

post  rele: 

Growttl  Period 

Figure  3.  Mean  shell  length  (mm)  for  cohort  1  (CHTl)  at  sites  A  and  B.  No  seed  were  found  at  site  A  18  months  after  release.  Means  were 
signincantiv  different  after  6  and  12  months  postrelease  (see  text). 


mental  factor  identified  by  McCormick  et  al.  (1994)  is  the  distance 
from  the  hatchery  to  the  point  of  release.  Several  options  do  exist 
to  control  this  factor,  such  as  holding  facilities  nearer  the  point  of 
release. 

By  keeping  the  release  module  sealed  for  24  hours  after  place- 
ment, the  accumulated  mucous  secretions  (which  attract  such 
predators  as  whelks)  are  allowed  to  wash  away  while  the  abalone 
acclimatize  to  the  subtidal  conditions.  Using  a  diver  to  complete 
the  operation  is  complicated  by  unpredictable  diving  conditions. 

Estimates  of  survival  and  minimum  mortality  are  notoriously 
difficult  to  achieve  for  seeded  abalone  (McCormick  et  al.  1994). 
Therefore,  results  reported  for  other  abalone  species  vary  signifi- 
cantly. Many  considerations,  including  age/size  at  release,  time 
elapsed  before  estimation,  and  several  physical  factors  seem  to 
influence  these  estimates  (McCormick  et  al.  1994).  Although  al- 
most no  dead  abalone  shells  were  recovered  in  these  experiments, 
it  would  be  presumptuous  to  assume  that  this  represents  low  mor- 
tality, especially  because  some  predators  crush  shells  (Scott  1997). 


A  more  meaningful  estimate  is  that  of  survival,  because  this  is 
what  will  matter  in  a  commercial  scale  operation. 

Survival  at  three  sites  at  Port  Nolloth  was  around  30%  6 
months  postseeding.  This  high  rate  of  return  occurred  despite  the 
fact  that  the  region  experienced  one  of  the  biggest  storms  on  record 
during  the  experimental  period.  Although  the  estimates  are  of 
minimal  survival,  they  are  likely  to  be  underestimates,  because  the 
sampling  regime  targeted  the  point  of  release,  and  therefore,  those 
individuals  that  had  moved  away  from  the  point  of  release  would 
not  have  been  included  in  the  sample.  Abalone  are  known  to  move 
substantially  in  their  life  span  (Newman  1966),  with  younger  aba- 
lone occurring  more  in  the  shallow  subtidal  than  larger/older  con- 
specifics;  whereas,  adults  seem  to  be  sedentary  in  deeper  water 
(Tarr  1995). 

Another  factor  that  may  contribute  to  this  effect  would  be  the 
microhabitat  and  topography  of  the  environment  into  which  aba- 
lone are  released.  H.  inidae  occur  in  fairly  patchy  distributions  and 
aggregations  (Newman  1966,  Newman  1969,  Tarr  1995),  which  is 


SUMMER 
Season/period  post-release 


12MONTH  (412) 


Figure  4.  Average  shell  length  increments  for  cohort  1  and  cohort  2  at  sites  .\,  B.  and  C  hy  season.  A6a  =  from  release  to  6  months  postrelease. 
A6b  =  from  first  sample  to  second  sample  (6  months).  A6c  =  from  second  sample  to  third  sample  (6  months).  A12  =  increment  from  release  to 
12  months  postrelease.  Natural  =  calculated  for  natural  populations,  from  Tarr  1995. 
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Figure  5.  Growth  curves  of  natural  stocks  and  CHTl  (site  B)  at  Port  Noilotii.  Power  curve:  iengtii  =  25.3  x  AGE"^"  (r  =  0.88);  Von  Bertalanffy: 
length  =  55.8  (I  -  e-""*'"'"^)  (r  =  0.88).  Growth  for  natural  populations  (Danger  Point  and  Robben  Island)  determined  from  Tarr.  1995. 


likely  to  be  influenced  by  the  suitability  of  the  substratum.  Stress 
and  introduction  to  unsuitable  habitat  are  also  known  to  induce 
movement  of  other  abalone  species  (Emmet  and  Jamieson  1989. 
Kojima  1995.  Werner  et  al.  1995). 

These  factors  could  explain  the  large  difference  in  estimated 
minimum  survival  between  sites  for  CHTl.  They  are  also  likely  to 
be  responsible  for  the  significant  difference  in  mean  growth  incre- 
ments between  all  equivalent  comparisons.  Site  A  seems  to  have 
been  unsuitable  habitat  for  juvenile  abalone  and  was  exposed  at 
extreme  spring  low  tides.  Better  results  were  obtained  at  site  B.  the 
shared  site,  for  both  cohorts,  despite  repeated  sampling  and  the 
addition  of  800  seed  for  CHT2  (effectively  increasing  stocking 
density).  The  fact  that  most  seed  were  recaptured  from  this  site 


suggests  that  less  movement  away  from  the  point  of  release  oc- 
curred here.  This  implies  that  either  the  site  was  more  suitable  than 
the  other  sites,  or  the  seed  were  unable  to  vacate  the  site.  Because 
an  extensive  horizontal  subtidal  ridge  presented  oppoilunity  for 
dispersal,  the  former  theory  is  favored. 

It  is  likely  that  mortality  by  predation.  stress,  and  injury  is 
highest  soon  after  .seeding,  after  which  it  stabilizes  (Schiel  1993). 
Although  predation  rates  on  abalone  juveniles  are  potentially  high 
(McCormick  et  al.  1994.  Scott  1997),  especially  at  high  densities, 
they  are  protected  by  cryptic  behavior  (Day  1997,  Scott  1997),  and 
some  predators  are  rendered  ineffective  above  a  certain  size 
(Mgaya  and  Mercer  1995.  Scott  1997). 

The  results  obtained  here  are  also  likely  to  have  been  influ- 


1  ton@R157  50/kg 


I  Profit@R1  OOperseed 


Profrt@R1  SOperseed 


25  30 

Recapture  Rate 


Figure  6.   l-ton  economic  model.  Shaded  areas  represent  positive  return  at  Rl.Od  +  Kl'^r  or  R1.50  +  W'r  production  costs  for  numbers  of  seed 
required  to  yield  I  ton  of  market  size  animals  (  KM)  mm)  at  the  respective  return  rates.  The  price  for  abalone  is  estimated  at  R157.50  per  kilogram. 
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t'lKcd  h\  ilic  cttects  o\  repeated  sampllriL;  ot  llie  release  sites. 
Nevertheless,  the  results  obtained  indieate  that  niiiiiiiitim  survival 
at  6  months  is  well  within  the  range  reported  tor  other  species 
(McCoimick  et  al.  1994).  Further  experimentation  will  be  de- 
signed to  account  for  these  factors. 

The  fact  that  mortality  is  higher  for  smaller  abalone  is  an  im- 
portant factor  in  the  economic  considerations.  The  sooner  the  seed 
are  released,  the  lower  the  cost  of  producing  the  seed  is  likely  to 
be  (Tegner  and  Butler  1989).  However,  this  must  be  balanced  with 
the  reduced  return  rate.  Figure  6  shows  that  profit  margins  are  very 
sensitive  to  low  return  rates.  Thus,  to  obviate  this  risk,  survival 
should  be  maximized,  and  one  way  of  achieving  this  is  to  seed 
older,  more  robust  individuals.  However,  the  disadvantage  of  this 
approach  is  that  production  costs  rise  with  age  at  release  because 
of  increased  time  in  the  hatchery  prior  to  release.  Survival  rates  are 
not  comparable  between  cohorts,  because  they  were  seeded  at 
different  densities,  in  different  seasons,  and  were  sampled  at  dif- 
ferent intensities.  However,  minimum  survival  rate  of  the 
4-month-old  seeds  (CHT2)  does  not  seem  to  be  significantly  lower 
than  the  6-month-old  seeds  fCHTI).  although  the  12-month 
growth  increment  was.  on  the  whole,  lower  than  that  for  CHTl. 
Whether  this  was  an  effect  of  age-at-release  or  stocking  density 
will  be  determined  by  further  experimentation.  With  improved 
hatchery  techniques  and  the  potential  of  fortified  food  supplements 
(Britz  et  al.  1994).  growth  rates  can  improve  to  produce  younger 
seed  of  seedable  size.  Ultimately,  if  the  cost  of  producing  high 
numbers  of  seed  can  be  reduced,  the  loss  of  high  numbers  of  seed 
can  be  afforded.  This  has  led  to  several  attempts  to  seed  with 
larvae  that  require  significantly  less  effort  to  produce  huge  num- 
bers at  relatively  low  cost  (McCormick  et  al.  1994).  Although  this 
approach  has  produced  even  more  varied  results  and  has  the  in- 
herent problem  of  difficulty  with  assessment,  recent  studies  have 
proved  very  encouraging  (Gaffney  et  al.  1996.  Preece  et  al.  1997). 

It  is  noteworthy  that  the  length  increment  in  the  first  growth 
period  compares  more  favorably  with  the  natural  populations  than 
that  for  the  second  growth  period  for  CHTl.  This  results  from  an 
artifact  of  estimation  of  the  increments  from  the  natural  popula- 
tions, because  the  growth  equation  parameters  are  determined  from 
tagged  adult  individuals  over  long  periods,  integrating  several  sea- 
sons (Tarr  1995).  Whether  these  seasonal  effects  are  as  marked 
with  older  abalone  is  unknown,  however,  6-month-old  abalone 
will  consume  diatoms  (Barkai  and  Griffiths  1987,  Fallu  1991. 
Matthews  and  Cook  1995)  whose  growth  is  affected  by  season.  It 
is  also  likely  that  physiological  factors  influence  growth  rate  in- 
shore, despite  the  upwelling  of  cold  water  on  the  west  coast  in  the 
summer  months  (Shannon  et  al.    1992).  thus  growth  in  older. 


weaned  abalone  might  be  less  affected  by  season  than  the  younger 
seeds. 

This  seasonal  effect  is  especially  important  when  comparing 
data  with  those  from  populations  where  tagged  adults  have  been 
used  to  define  growth  parameters  and  highlights  the  dangers  of 
attempting  to  predict  growth  rate  from  incomplete  growth  profiles 
(Kerstan  1996).  Also,  each  sampling  event  had  the  effect  of  re- 
ducing density,  which  is  known  to  have  an  infiuence  on  growth 
rate  (Mgaya  and  Mercer  1995). 

Growth  rate  estimates  for  Port  Nolloth  in  the  first  2  years  are 
within  the  range  of  those  reported  for  naturally  occurring  stocks  of 
abalone  in  South  Africa,  albeit  toward  the  lower  limit  {Fig.  5).  This 
permits  the  assumption  that  the  complete  growth  profile  will  also 
fall  within  the  range  for  natural  stocks.  Therefore,  we  concluded 
that  seeded  abalone  could  reach  market  size  ( 100  mm  shell  length) 
between  3.5  to  6  years  after  spawning  and  settlement  in  the  hatch- 
ery. This  estimate  will  vary  according  to  the  several  parameters, 
such  as  site  location. 

Return  rates  of  greater  than  157^  are  desirable,  whereafter  the 
profit  margin  is  less  sensitive  to  the  return  rate  (Fig.  6).  Production 
costs  are  critical  and  have  a  large  effect  on  profit  margins  at  lower 
return  rates.  Although  these  costs  are  estimated  at  12^1%  in 
Japan  (Kojima  1995).  they  await  empirical  determination  in  South 
Africa.  With  a  commercial  operation  on  the  scale  envisaged  by 
Port  Nolloth  Sea  Farms,  lower  end  profit  margins  for  1  ton  of 
abalone  could  be  offset  by  increased  production,  even  at  relatively 
low  return  rates.  This  together  with  well-considered  labor  and 
marketing  practices  (Oakes  and  Ponte  1996),  including  possible 
state  incentives  for  developing  regional  economies  in  South  Africa 
(Solomons  1996)  renders  the  prospects  of  abalone  ranching  very 
favorable  for  the  northwest  coast  of  South  Africa.  The  fact  that  no 
naturally  occurring  stocks  occur  on  this  coast  makes  regulation  of 
ranching  easier  than  in  areas  where  regulated  natural  stocks  al- 
ready occur.  Such  factors  as  season,  minimum  legal  size,  and 
quotas  need  not  apply  to  the  seeded  stocks.  Some  individuals 
seeded  in  pilot  experiments  have  developed  gonad,  indicating  that 
the  subtidal  environment  on  this  coast  is  suited  to  the  species. 

The  desire  by  the  government  of  South  Africa  to  devolve  de- 
cision-making power  over  the  management  of  marine  resources  to 
comanagement  structures  and  resource  users  in  fishing  communi- 
ties (White  Paper  1997)  indicates  the  need  to  address  the  issues 
surrounding  access  to  already  overexploited  and  declining  stocks. 
Abalone  ranching  and  stock  enhancement  (McCormick  et  al.  1994) 
are  potential  ways  of  contributing  to  this  initiative  in  several  re- 
gions along  the  South  African  coast. 
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ABSTRACT  This  stock  assessment  stemmed  from  concerns  about  declines  in  Chesapeake  Bay  blue  crab  commercial  yield,  survey 
abundance  indices,  and  economic  performance  in  the  1990s.  Blue  crab  vital  rates  and  life-history  characteristics  were  described.  A 
risk-averse  approach  was  adopted  for  parameter  estimation.  Extant  (50  y)  fisheries-independent  and  dependent  data  were  compiled. 
Current  spawning  stock  biomass  was  at  moderate  levels,  as  compared  to  historical  maxima;  total  stock  biomass  was  at  long-term 
average  levels  since  1956.  Juvenile  recruitment  has  been  variable  since  the  1950s.  The  stock  is  in  long-term  dynamic  equilibrium, 
demonstrating  variable  abundance  as  expected  in  a  strongly  r-selected  species.  No  evidence  of  a  persistent  stock  decline  was  found. 
The  decade  of  the  1980s  was  a  period  of  above  average  abundance;  the  population  modulated  to  average  levels  thereafter.  Maryland 
commercial  catch  per  unit  effort  (CPUE)  has  remained  fairiy  stable  from  1982  to  1995.  Baywide  yield  varied  without  trend  since  1945, 
cycling  around  the  long-term  mean  with  peaks  in  1950.  1966.  1981,  and  1993  and  troughs  in  the  mid-1950s  and  late  1970s  to  early 
1980s.  Baywide  data  since  1945  demonstrated  a  fivefold  increase  in  directed  effort  (/)  and  an  exponential  decline  in  CPUE:  rapidly 
from  1947  to  1967.  and  without  trend  since  1970.  The  stock  has  supported  maximum  sustainable  yield  (MSY)  =  37-38,5  x  10'  kg 
since  1945  with  no  observed  change  in  the  ability  of  the  stock  to  replace  itself  or  to  provide  historical  average  yield.  We  judged  the 
stock  to  be  moderately  to  fully  exploited  at  average  levels  of  abundance.  Stock-recruitment  (S-R)  analysis  revealed  weak  relationships. 
Density-independent  effects  accounted  for  little  of  the  variability  in  the  S-R  model.  Exploitation  rates  for  1956  to  1996  ranged  from 
30—45%  for  peeler/soft  crabs  and  4(j-55'7r  for  hard  crabs.  Fishing  mortality  (F)  ranged  largely  between  0.8-1.0  (F  <  1.20)  since  1956 
within  ±  20%  of  the  long-term  mean;  fully  recruited  F  in  1996  was  0.87.  Current  F  was  below  the  threshold  reference  level  of  F,o<;i, 
=  1.21,  where  Fr^p  =  1.17.  Yield  per  recruit  (YPR)  modeling  estimated  Fn  ,  =  0.36  and  F^ax  =  Of""*-  Thf  stock  is  strictly  growth 
overfished  with  a  26%  reduction  in  Fig,,,  required  to  maximize  (-1-2%  gain)  YPR.  Longevity  was  established  at  8  y.  Tagging  studies 
showed  that  blue  crabs  live  considerably  longer  than  current  convention  (3  y).  A  life-table  model  reconciled  the  apparent  disparity 
between  this  convention  and  the  life-history  parameters  used  in  the  assessment.  At  current  total  mortality  (Z)  =  1.3,  the  mean  age  of 
the  observed  stock  would  be  1.5  y  (153  mm  CW  [carapace  width]);  97,3%  of  all  individuals  would  be  =53  y  of  age.  The  dramatic  rise 
in /since  1945  with  the  accompanying  decline  in  CPUE  was  not  associated  with  an  increase  in  F.  Catchability  (</)  has  varied  with/ 
from  1956  to  1995  as  a  result  of  gear  saturation.  Moderate  reductions  in  /would  not  result  in  a  proportional  reduction  in  F  because 
of  nonconstant  q.  The  blue  crab  fishery  is  severely  overcapitalized  in  terms  of  total  effort.  As  a  result  of  gear  saturation,  marginal 
decreases  in  fishing  effon  would  not  realize  proportional  gains  in  CPUE,  %MSP,  or  YPR.  Substantial  economic  displacement  would 
be  required  to  maximize  YPR.  Increases  in  %MSP  and  YPR  could  be  realized  through  increased  size  limits  and  regulating  the  taking 
of  mature  female  crabs,  without  the  displacement  costs  associated  with  effort  reductions  alone.  We  recommend  a  risk-averse  man- 
agement strategy;  maintain  current  F  below  Fm^^^.  Management  should  be  particularly  averse  to  increases  in  effort  that  would 
exacerbate  current  economic  inefficiencies,  or  to  increases  in  gear  efficiency.  The  latter  concern  acknowledges  the  delicate  interplay 
between  F  and/in  the  fishery.  Management  should  be  proactive;  stabilize  and  enhance  the  economic  viability  of  the  fishery  and  provide 
protection  for  the  stock  through  maintenance  of  2=10%  maximum  spawning  potential  (MSP).  It  should  consider  adopting  strategies 
which  increase  YPR  (e.g.,  size  limit  measures  on  both  sexes)  and  spawning  potential  (e,g.,  limit  directed  fisheries  on  mature  female 
crabs). 

KEY  WORDS:  blue  crab,  Calliiwctc.s  .vk/j/i/jiv.  Chesapeake  Bay,  harvest,  population,  fishery,  exploitation,  stock  assessment,  status, 
gear  saturation 

INTRODUCTION  of  the  magnitude  of  recreational  harvest  and  directed  effort  are 

largely  unavailable  or  poorly  understood  (Knotts  1989).  In  1983, 

The  blue  crab  (Cdllincclfs  sapiJifs  Rathbiin)  supports  the  most  1988,  and  1990.  the  Maryland  Department  of  Natural  Resources 

important  commercial  and  recreational  fishery  in  the  Chesapeake  (MDNR)  attempted  to  estimate  recreational  blue  crab  harvest  in 

Bay.  The  blue  crab  population  of  the  Chesapeake  Bay  is  distrib-  cooperation  with  the  National  Marine  Fisheries  Service's  Marine 

uted  throughout  the  bay  and  its  tidal  tributaries.  In  1995.  the  bay-  Recreational  Fisheries  Statistics  Survey,  Results  of  these  surveys 

wide  commercial  landings  totaled  33,5  x  10"  kg  (Rugolo  et  al,.  this  indicated  that  the  Maryland  blue  crab  recreational  harvest  repre- 

volume).  Recreational  fishing  on  blue  crab  in  the  Chesapeake  is  sentcd  approximately  78.6.  49.5.  and  25.9%  (18.6.  9,7.  and  5.2  x 

also  important  in  terms  of  annual  cxploilation.  however,  estimates  10"  kg),  respectively,  of  the  reported  Maryland  commercial  har- 
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vest  in  lliosc  yc;iis  (Slagg  el  al.  1994).  The  1990  survey  was 
regarded  as  the  more  rigorous  of  the  ihree.  nevertheless,  weak- 
nesses were  identified  in  the  definition  of  the  sampling  frame  and 
in  the  estimation  of  eatch  rales  of  certain  segments  of  the  fishery 
(Stagg  el  al.  1994,  Rugolo  et  al..  this  \olume). 

The  blue  crab  supports  econoinically  important  fisheries  na- 
tionwide. From  1990-1994,  the  average  United  States  blue  crab 
landings  approximated  96.0  x  10''  kg,  worth  an  average  $140.2 
million.  The  ex-vessel  value  of  commercial  Chesapeake  Bay  blue 
crab  harvest  in  1990  to  1994  averaged  $5?<.\  million  in  compari- 
son. The  most  recent  (1990)  recreational  harvest  expenditures  in 
Maryland  were  estimated  at  $1 10  million  (Stagg  et  al.  1994,  Abbe 
and  Stagg  1996).  The  Chesapeake  Bay  has  historically  represented 
the  area  of  greatest  blue  crab  production  in  the  United  States.  From 
1990  to  1994,  .^6.5,  29.2,  28.2,  and  6.1%  of  total  United  States  blue 
crab  landings  were  derived,  respectively,  from  the  Chesapeake 
Bay.  the  Gulf  of  Mexico,  the  Southern  Atlantic,  and  Middle  At- 
lantic regions. 

Chesapeake  Bay  blue  crab  landings  have  demonstrated  inherent 
variability  among  years  (Pearson  1948,  Van  Engel  19.'i8,  Tagatz 
1965,  Abbe  1983;  Lipcius  and  Van  Engel  1990,  Abbe  and  Stagg 
1996,  Rugolo  et  al.  1997,  Rugolo  et  al.,  this  volume).  Coincident 
with  the  recent  decline  in  many  important  fisheries  resources  in  the 
Chesapeake,  such  as  oyster,  American  shad,  and  striped  bass,  as 
well  as  in  several  coastal  migratory  species  that  historically  have 
supported  Bay  fisheries  (e.g.,  bluefish,  weakfish,  summer  floun- 
der), more  recreational  and  commercial  emphasis  has  been  placed 
on  the  Chesapeake  Bay  blue  crab  stock.  In  the  mid-1990s,  infor- 
mation from  Chesapeake  Bay  fisheries-independent  surveys  and 
changing  dynamics  in  the  fisheries  suggested  cause  for  concern 
regarding  the  health  of  the  Bay's  blue  crab  population  (Rugolo  et 
al.  1997).  Declining  commercial  yield  and  research  survey  abun- 
dance indices,  decreasing  economic  performance  of  commercial 
fishers,  as  well  as  indications  of  increased  removals  of  females 
from  the  stock  all  stimulated  concern  among  the  Bay  states  about 
the  status  of  the  blue  crab  slock  and  the  viability  of  the  fisheries 
(Rugolo  et  al.  1997.  Anon.  19971.  This  research  stemmed  from  that 
concern.  Our  principal  aim  was  to  provide  a  fundamental  under- 
pinning for  objective  decisions  on  the  conservation  and  utilization 
of  the  Chesapeake  Bay  blue  crab  population. 

In  developing  this  stock  assessment,  we  examined  a  variety  of 
fisheries-dependent  and  fisheries-independent  time  series  data  that 
provided  information  on  the  status  and  dynamics  of  the  Chesa- 
peake Bay  blue  crab  stock  and  its  fisheries.  Pertinent  literature  was 
reviewed  for  information  on  blue  crab  biology,  life-history,  popu- 
lation dynamics,  and  the  historical  performance  of  the  fisheries. 
Historic  and  current  blue  crab  research  results  relevant  to  the  de- 
velopment of  the  assessment  and  to  the  interpretation  of  its  find- 
ings were  considered.  For  the  purpose  of  this  assessment,  the  blue 
crab  population  of  the  Chesapeake  Bay  and  its  tributaries  was 
considered  a  unit  stock. 

This  stock  assessment  is  the  first  integrated  analytical  approach 
developed  for  the  blue  crab.  Although  this  work  provided  an  ef- 
ficient use  of  available  data  through  contemporary  fisheries  stock 
assessment  approaches,  several  data  and  informational  deficiencies 
were  identified  (Rugolo  et  al.  1997).  We  expect  that  future  updates 
of  this  assessment  will  benefit  from  improved  biological  and  fish- 
eries data,  as  well  as  from  research  results  that  advance  our  un- 
derstanding of  vital  blue  crab  life-history  and  population  dynamic 
characteristics  essential  to  assessing  slock  status. 

We  sought  the  answers  to  three  questions  as  our  operational 


framework.  First,  what  is  the  cuneiil  status  of  the  stock?  Second, 
what  is  the  optimal,  or  target  level  of  the  stock?  Third,  what 
management  strategies  can  be  adopted  to  achieve  stock  recovery  if 
the  stock  is  suboptimal.  or  to  maintain  the  stock  at  current  levels 
should  remedial  action  be  unnecessary?  An  extension  of  this 
framework  is  risk  assessment.  That  is,  within  the  integrated  ana- 
lytical framework  of  the  assessment,  a  specific  aim  was  to  provide 
decision  makers  a  flexible,  adaptive  system  for  considering  the  risk 
associated  with  various  management  options  on  long-term  stock 
status  and  fishery  health. 

In  the  development  of  the  /yy/  Chesapeake  Bay  Blue  Crab 
Fishery  Management  Pkin  (Anon.  1997),  results  of  this  research 
were  central  to  decisions  regarding  the  management  of  this  im- 
portant resource.  This  research  has  also  contributed  to  the  dialog 
concerning  critical  biologic  and  life-history  characteristics  of  the 
blue  crab  and  to  the  understanding  of  blue  crab  stock  and  fishery 
dynamics.  Our  work  has  identified  research  and  information  needs 
critical  to  an  understanding  of  blue  crab  population  dynamics.  This 
stock  assessment  was  approved  in  April  1997  by  the  Chesapeake 
Bay  Stock  Assessment  Committee  (CBSAC)  of  the  National  Ma- 
rine Fisheries  Service,  NOAA  under  whose  aegis  it  was  conducted 
and  by  the  member  states  and  participants  of  the  Chesapeake  Bay 
Program. 

MATERIALS  AND  METHODS 

Where  possible  and  essential  for  the  reader's  understanding,  we 
provide  requisite  data  in  tables  and  figures  that  were  subject  to  the 
analysis.  Given  the  scope  of  this  research,  we  were  not  able  to 
present  all  data  and  information  that  underlie  the  assessment.  The 
reader  is  referred  to  Rugolo  et  al.  (1997)  for  a  more  complete 
presentation  of  this  information. 

Adult  Stock 

We  compiled  and  examined  a  variety  of  extant  fishery- 
dependent  and  fishery-independent  time  series  data  that  provided 
information  on  the  status  of  the  blue  crab  stock.  Indices  of  relative 
adult  stock  abundance  were  available  from  several  research  sur- 
veys conducted  in  the  Chesapeake  Bay  and  its  tributaries.  These 
included  the  baywide  winter  dredge  survey  (1990  to  1996),  the 
MDNR  summer  trawl  survey  ( 1977  to  1995),  the  Virginia  Institute 
of  Marine  Sciences  trawl  survey  (1955  to  1995),  the  Calvert  Cliffs 
peeler  pot  survey  (1968  to  1995)  (Abbe  1983,  Abbe  and  Stagg 
1996),  the  Smith  Island  scrape  survey  (1948  to  1972),  and  the  1987 
pot,  trotline,  and  scrape  study  conducted  by  the  Chesapeake  Bio- 
logical Laboratory,  University  of  Maryland.  Using  intermediate 
results  of  this  work,  we  derived  estimates  of  absolute  blue  crab 
stock  abundance  and  biomass  for  years  1956  to  1995.  Trends  in 
relative  and  absolute  abundance  were  examined  to  provide  a  first- 
order  approximation  of  the  current  status  of  the  adult  stock.  Be- 
cause direct  aging  of  blue  crabs  is  not  possible,  approximate  ages 
were  assigned  to  survey  carapace  width  (CW)  data  to  derive  age- 
specific  indices  of  abundance  as:  age  0  (0-59  mm);  age  1  (60-1  19 
mm);  age  2  (120-79  mm);  and  female  spawners  (s=130  mm). 

Winter  Dredge  Survey 

A  Chesapeake  Baywide  winter  dredge  survey  has  been  con- 
ducted since  1989  through  cooperative  efforts  of  the  Chesapeake 
Biological  Laboratory  and  the  Virginia  Institute  of  Marine  Sci- 
ences, College  of  William  and  Mary.  This  survey  provides  bay- 
wide  indices  of  blue  crab  relative  abundance  with  sampling  oc- 
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curring  diinng  the  time  when  crabs  aestivate  in  the  sediment.  An- 
nual survey  sampling  consists  of  a  single  100-m  tow  of  a  2.8-m  (6 
foot)  toothed  commercial  dredge  at  nearly  1.000  stations  through- 
out the  bay.  The  dredge  is  equipped  with  a  15-mm  mesh  bag. 
which  is  effective  for  the  capture  of  small  crabs.  Data  are  collected 
by  sex  and  size  class  (mm);  catch  per  unit  effort  (CPUE)  is  mea- 
sured as  the  number  of  crabs/1,000  m".  Sex-specific  age  1+  and 
age  2+  stock  abundance  indices  are  presented  in  Figures  1 
and  2. 

Maryland  Trawl  Survey 

The  MDNR  blue  crab  trawl  survey  ( 1977  to  1995)  provides  an 
index  of  relative  abundance  for  age  0+  crabs  measured  as  the  mean 
number  of  crabs/tow.  Survey  sampling  has  occurred  from  May  to 
November  in  the  Chester  River,  the  Choptank  River,  the  Potomac 
River,  the  Eastern  Bay,  Tangier  Sound,  and  Pocomoke  Sound.  In 
many  years,  some  systems  and  months  were  unsampled.  To  pro- 
vide an  internally  consistent  measure  of  CPUE,  we  selected  the 
subset  of  the  Choptank  River,  the  Eastern  Bay.  and  Pocomoke  and 
Tangier  Sounds  during  July  to  September,  which  were  sampled 
fairly  consistently  each  year.  Annual  indices  of  abundance  were 
calculated  as  the  mean  monthly  CPUE  for  all  areas  combined. 
Time  series  trends  in  relative  abundance  for  age  1+  male  and 
female  crabs  are  shown  in  Figure  3. 

VIMS  Trawl  Survey 

The  Virginia  Institute  of  Marine  Sciences  (VIMS)  has  con- 
ducted a  trawl  survey  since  1955  to  measure  trends  in  relative 
abundance  of  selected  finfish  species.  Sampling  occurs  in  the 
lower  Chesapeake  Bay  and  up  to  the  freshwater  interface  of  the 
James,  York,  and  Rappahannock  Rivers.  Samples  from  approxi- 
mately 100  stations  are  collected  monthly  by  a  lO-m  wide  shrimp 
trawl  towed  for  5  minutes.  Catch  is  sorted  and  enumerated  by 
species;  biological  data  on  a  considerable  portion  (20-50.000/ 
month)  of  the  catch  is  taken.  This  trawl  program  has  undergone 
several  modifications  in  gear  and  sampling  protocol  since  its  in- 
ception in  1955.  Rugolo  et  al.  (1997)  describe  the  nature  of 
changes  in  the  study  that  have  affected  catch  rates  of  key  targeted 
species.  Since  1979.  the  survey  sampling  protocol  has  remained 
essentially  unchanged. 
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Fisiire   1.  Baywide  winter  dredge  survey  relative  abundance  index 
(nuniber/l.OdU  nr)  for  age  1+  i^M)  mm  CW)  blue  crab.s  by  sex  lor 
1990  to  1996. 
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Figure  2.  Baywide  winter  dredge  survey  relative  abundance  index 
(number/l.Odt)  m")  for  age  2-I-  (S!l20  mm  CVV)  blue  crabs  by  sex  for 
1990  to  1996. 

Indices  of  relative  abundance  for  blue  crabs  are  expressed  as 
the  geometric  mean  catch/tow  weighted  by  strata  area.  Recently, 
comparative  sampling  has  been  conducted  by  the  VIMS  survey 
staff  using  historical  gear  configurations  in  an  effort  to  standardize 
catch  rates  associated  with  each  configuration.  Provisional  cor- 
rected blue  crab  indices  of  relative  1968  to  1995  abundance  were 
derived  based  on  this  analysis  and  examined  for  trends  in  abun- 
dance among  years.  The  corrected  relative  abundance  of  age  l-t- 
blue  crabs  collected  from  the  James.  York,  and  Rappahannock 
Rivers,  sexes  combined,  are  shown  in  Figure  4. 

Calvert  Cliffs  Survey 

The  Calvert  Cliffs  pot  survey  has  been  conducted  since  1968 
adjacent  to  the  Calvert  Cliffs  Nuclear  Power  Plant  in  the  Chesa- 
peake Bay  (Abbe  1983.  Abbe  1987.  Abbe  and  Stagg  1996).  This 
survey  uses  baited  commercial  peeler  pots  of  25-mm  (1-in)  mesh 
to  sample  crabs  at  three  sites.  The  most  consistent  sampling  has 
occurred  between  June  and  November  of  each  year,  when  up  to  60 
pots  were  fished  during  alternate  weeks.  From  1968  to  1995, 
113,002  blue  crabs  were  caught  in  18,106  pot  days  (Abbe  and 
Stagg  1996).  Although  peeler  pots  generally  select  for  crabs  larger 
than  75   mm  CW.  crabs  as  small  as  38  mm  CW  are  taken. 
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Figure  .1.  Maryland  trawl  survey  relative  abundance  index  (mean 
number/tow)  for  age  1+  ( s60  mm  CW )  blue  crabs  by  .sex  for  1977  to 
1995. 
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Figure  4.  Virginia  Institute  of  Marine  Sciences  trawl  survey  corrected 
relative  abundance  index  (mean  number/tow)  for  age  1+  (560  mm 
C\V)  blue  crabs  sexes  combined  for  1968  to  1995. 

Approximately  75'^  of  crabs  caught  in  this  survey  since  1968  were 
larger  than  1 20  mm  CW. 

Sex-specific  relative  abundance  from  this  survey  is  expressed 
as  the  arithmetic  mean  number/pot.  Trends  in  survey  CPUE  for  age 
1+  male  and  female  blue  crabs  from  1968  to  1996  are  shown  in 
Figure  5.  The  trend  in  blue  crab  relative  abundance  from  the  Cal- 
vert Cliffs  survey  and  the  Maryland  blue  crab  harvest  are  highly 
correlated  (Abbe  and  Stagg  1996,  Rugolo  et  al.  1997.  Rugolo  et  al., 
this  volume).  Correlation  coefficients  of  0.72  and  0.70  were  found 
between  survey  CPUE  and  the  Maryland  pot  and  Maryland  total 
harvest,  respectively,  and  0.88  with  the  Maryland  commercial  pot 
CPUE. 

Smith  Island  Scrape  Survey 

In  a  project  conducted  by  the  Chesapeake  Biological  Labora- 
tory, abundance  and  size  composition  data  on  blue  crabs  were 
consistently  collected  from  the  Smith  Island  scrape  fishery  from 
1948  to  1972  (except  1955.  1956.  and  1959).  The  two  components 
of  the  sampling  program  consisted  of  weekly  mean  size  and  sex 
composition  of  crabs  captured  by  the  same  commercial  fisher 
throughout  the  season,  and  the  mean  daily  CPUE  (number/fisher/ 
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Figure  5.  Calvert  Cliffs  peeler  pot  survey  relative  abundance  index 
(mean  number/pot)  for  age  1+  (s60  mm  CWj  blue  crabs  sexes  by  sex 
for  1968  to  1996. 


day )  for  each  week  of  the  season  based  on  a  subsample  of  all  Smith 
Island  scrape  fishers.  The  Smith  Island  survey  time  series  is  based 
on  samples  drawn  from  a  small  geographic  area;  however,  no  other 
survey  provides  estimates  of  blue  crab  abundance  over  this  period. 
The  Smith  Island  abundance  trends  provide  a  unique  and  useful 
means  to  examine  historic  patterns  in  Chesapeake  Bay  blue  crab 
relative  abundance. 

The  scrape  fishery  likely  represents  the  most  unbiased  com- 
mercial gear  for  estimation  of  size  structure  of  the  blue  crab  popu- 
lation ss  1 20  mm  CW;  larger  sizes  are  captured  at  lower  rates  either 
because  of  gear  selectivity  or  availability.  We  considered  the 
nominal  age  2+  (&I20  mm  CW)  abundance  index  to  be  less  reli- 
able than  indices  for  age  0  and  age  1  (Figure  6).  The  Smith  Island 
scrape  and  Calvert  Cliffs  pot  surveys  both  provide  consistent  sam- 
pling for  blue  crabs,  and  the  respective  indices  of  abundance  are 
well  correlated  in  the  5  years  (1968  to  1972)  when  both  surveys 
were  conducted  (Rugolo  et  al.  1997).  To  ascertain  the  degree  of 
coherence  in  CPUE  between  these  survey  data,  log-log  regressions 
were  fit  to  the  Smith  Island  and  Calvert  Cliffs  size  class  abundance 
data  most  efficiently  captured  by  the  gears.  During  1968  to  1972. 
the  Calvert  Cliffs  age  I-t-  and  Smith  Island  age  1  indices  were 
highly  correlated  {R'  =  0.96)  and  related  according  to  CC,^  = 


8.97" 


SI, 


Stronger  correlations  were  found  between  the 
0.99);  strong  correlations  were  found 
between  the  CC|^_  and  SI,^  (R-  =  0.95)  and  between  the  CC,^  and 
SI|^  indices  (R-  =  0.93)  (Rugolo  et  al.  1997). 

The  fact  that  these  surveys  were  so  highly  correlated  suggested 
that  a  50  y  time  series  of  survey  relative  abundance  could  be 
developed  by  merging  age-specific  indices  from  the  two  surveys. 
Because  the  Calvert  Cliffs  survey  is  on-going,  we  chose  to  express 
historic  Smith  Island  relative  blue  crab  abundance  in  the  currency 
of  Calvert  Cliffs  relative  abundance — that  is.  impute  the  Calvert 
Cliffs  indices  from  1948  to  1972  based  on  the  functional  form 
noted.  Calvert  Cliffs  age  l-i-  CPUE  from  1968  to  1994  (observed) 
and  estimated  (1948  to  1972)  based  on  the  log-log  regression  of 
CC,^  on  SI,  CPUE  indices  are  shown  in  Figure  7.  Regression 
results  are  shown  in  the  inset. 

Fishery-Dependent  Stock  Measures 

Estimates  of  the  total  population  abundance  of  the  peeler/soft 
crab  component  of  the  stock  and  the  hard  crab  component  of  the 
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Figure  6.  Smith  Island  scrape  survey  relative  abundance  index  (mean 
number/person/day)  for  age  (I  (0-59  mm  CW)  and  age  I  (60-119  mm 
CW)  blue  crabs  sexes  combined  for  1948  to  1972  (except  1955,  1956, 
and  1959). 
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Figure  7.  Calvert  Cliffs  peeler  pot  survey  age  1+  (360  mm  CVV)  rela- 
tive abundance  index  showing  observed  (1968  to  1994)  and  estimated 
(1948  to  1972)  abundance  indices  based  on  log-log  regression  of  Cal- 
vert Cliffs  age  1+  abundance  on  Smith  Island  age  1  abundance.  Re- 
gression results  are  shown  in  inset. 

Stock  were  made  for  1956  to  1995.  These  population  estimates 
were  derive(d  using  historic  hard  and  peeler/soft  crab  harvest  data 
and  estimated  annual  exploitation  rate  (p.)  (Rugolo  et  al.  1997). 
Under  this  formulation,  the  annual  exploitation  rate  in  year  t 
[M-J  is: 

p.,  =  [F,A/Z]  =  [F,*  (1  -e""^  *  ''')\im  +  F,);  (1) 

where  F  =  fishing  mortality.  Z  =  total  mortality,  and  M  = 
natural  mortality.  These  calculations  assume  Type  11  fisheries  with 
M  =  0.375,  and  the  partial  recruitment  of  age  1  crabs  (PR,)  equal 
to  0.75,  and  PR2+  =  10  for  age  2-1-  crabs.  The  fishing  moilality 
rate  term  in  Eq.  1  is  multiplied  by  the  PR  scaler  for  each  stock 
component — that  is,  by  PR,  for  peeler/soft  crabs  and  PR2+  for  hard 
crabs.  Total  absolute  abundance  (N,)  in  year  t  is  derived  by  rear- 
rangement of  the  catch  equation  (Baranov  1918): 


N, 


c,/^x, 


(2) 


Historical  commercial  hard  and  peeler/soft  crab  harvest  (C,) 
data  were  available  for  Maryland,  Virginia,  and  baywide  fisheries 
(Rugolo  et  al.,  this  volume).  Ba.sed  on  previous  estimates  of  the 
recreational  harvest  of  blue  crabs  (Stagg  et  al.  1994).  the  reported 
commercial  harvest  in  each  year  was  expanded  by  25%  to  account 
for  expected  removals  from  the  stock  caused  by  recreational  fish- 
ing. The  resulting  population  estimates  can  be  considered  under- 
estimates as  a  result  of  inadequate  or  under-reporting  of  commer- 
cial harvest  and  the  severe  underestimation  of  peeler/soft  crab 
landings  (Rugolo  et  al.,  this  volume).  Estimates  of  the  total  popu- 
lation abundance  for  the  peeler/soft  crab  and  the  hard  crab  stock 
components  were  derived  using  annual  exploitation  rates  (p.,) 
based  on  the  Calvert  Cliffs  and  VIMS  trawl  survey  length-ba.sed 
estimates  of  F  (Table  1).  The  time  series  trends  in  estimated  total 
abundance  of  the  peeler/soft  crab  and  hard  crab  stocks  for  1956  to 
1995  are  shown  in  Figure  8. 

Juvenile  Reeruilmeiit 

Current  and  historic  Juvenile  recruitment  was  as.sessed  by  ex- 
amining fishery-independent  age  0  and  age  1  relative  abundance 
indices  from  the  winter  dredge  survey,  Calvert  Cliffs  pot  survey. 
VIMS  trawl  survey,  MDNR  trawl  survey,  and  the  Smith  Island 


scrape  survey.  Estimated  absolute  baywide  peeler/soft  crab  abun- 
dance was  also  examined.  The  trend  in  age  0  relative  abundance 
measured  by  the  baywide  winter  dredge  survey  in  1990  to  1995  is 
shown  in  Figure  9.  Relative  abundance  of  male  and  female  age  0 
blue  crabs  measured  by  the  MDNR  trawl  survey  for  years  1977  to 
1995  is  shown  in  Figure  10.  Figure  1 1  presents  the  time  series  of 
corrected  relative  age  0  abundance  for  years  1968  to  1995,  sexes 
combined,  from  the  VIMS  trawl  survey.  Commercial  peeler  pots 
employed  in  the  Calvert  Cliffs  survey  do  not  adequately  select  the 
age  0  group  (0-59  mm  CW).  Calvert  Cliffs  survey  abundance 


TABLE  1. 

Estimates  of  total  absolute  abundance  (N)  (10'')  of  crabs  based  on 

reported  harvest  and  survey-based  estimates  of  annual  exploitation 

rate  on  the  peeler/soft  and  hard  crab  components  of  the  Chesapeake 

Bay  stock  for  1956  to  1995,  and  mean  abundance  with  standard 

error  for  the  respective  periods. 


Year 


1956 
1957 
1958 
1959 
1960 
1961 
1962 
196-^ 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

Mean 
SE 


Calvert  Cliffs-Based  N 


VIMS  Trawl-Based  N 


P/Soft 


Hard 


Total 


P/Soft 


Hard 


Total 


30.9 
43.8 
29.3 
22.9 
26.0 
32.1 
34.2 
29.8 
27.4 
29.5 
22.4 
130.6 
25.5 
30.6 
48.7 
60.7 
30.2 
40.  S 
24.2 
.W.l 
27.9 
30.7 
30.5 
38.0 
17.8 
39,7 
29.8 
35.5 

-^5.7 
3.9 


420.0 
288.6 
380.4 
376.9 
379.1 
348.4 
387.5 
344.8 
272.9 
417.3 
331.0 
373.4 
418.6 
545.2 
610.9 
618.0 
491.8 
490,2 
462,0 
474.0 
484.5 
496.8 
554. 1 
532.0 
277,9 
5824 
370,1 
365,3 

431,9 
18.6 


450.8 
332.4 
409.7 
399.8 
405.1 
380.4 
421.7 
374.6 
300.4 
446.9 
353,4 
504.0 
444.0 
575.8 
659.6 
678.7 
522.0 
53 1 .0 
486,2 
.S()4.1 
5124 
527.5 
584.6 
569.9 
295.8 
622.2 
399.9 
400.8 

467.6 
19.5 


40.3 
51.3 
46.9 
32.2 
44.9 
434 
53.8 
314 
46.3 
38.1 
30.6 
36.3 
19.5 
45.8 
29,6 
21,8 
24,0 
21,8 
26,7 
22.4 
254 
23.0 
19.4 
123,2 
23.3 
32.8 
42.5 
54.8 
28.1 
37.3 
25.5 
28.2 
26.5 
31.7 
29.3 
41.3 
22.1 
41,6 
29.8 
39.2 

35,8 

2.7 


245,6 
255,0 
222,0 
204.6 
327.8 
343.2 
3894 
.^03.2 
355.9 
398.0 
512.0 
409.4 
276.0 
300. 1 
383.6 
360,8 
353.8 
246.8 
309.7 
266.6 
2.544 
331.1 
290.6 
354.3 
385.3 
580.6 
538.9 
563.4 
462.6 
452.9 
486. 1 
446.5 
461.6 
510.6 
534.3 
573,7 
337.6 
607,1 
370. 1 
399.0 

385,1 
17.3 


285.9 
306.4 
268.9 
236.7 
372.7 
386.6 
443.2 
334.6 
402.2 
436. 1 
542.6 
445.7 
295.5 
.M5.8 
413.2 
382.5 
377.8 
268.7 
336.4 
288.9 
279.8 
354. 1 
310.1 
477.5 
408.6 
6134 
581.3 
618.2 
490.8 
490.3 
511.6 
474.6 
488.1 
542.3 
,563.6 
614.9 
359.8 
648.8 
399.9 
438.1 

420,9 
17.6 
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Figure  8.  Estimated  Chesapeake  Baywide  total  absolute  abundance  of 
crabs  in  the  peeler/soft  crab  and  hard  crab  components  of  the  stock 
based  on  reported  harvest  values  and  the  VIMS  survej-based  esti- 
mates of  annual  exploitation  rate  for  1956  to  1995. 

indices  for  age  1  (60-1  \9  mm  CW)  crabs  were  derived  for  1968  to 
1995  by  sex  (Fig.  12).  Trends  in  age  0  blue  crab  relative  abundance 
for  year.s  1948  to  1972  measured  by  the  Smith  Island  survey  are 
shown  in  Figure  6,  absent  years  1955,  1956,  and  1959. 

Fishery  Yield  and  Catch  per  Unit  Effort 

Historical  (1945  to  1995)  Maryland  and  Virginia  ciimmercial 
landings  of  hard  and  peeler/soft  crabs  and  total  nominal  directed 
effort  were  compiled  (Table  2)  (Rugolo  et  al.,  this  volume).  Data 
from  1945  to  1972  for  Virginia  and  through  1980  for  Maryland 
were  obtained  from  the  Bureau  of  Commercial  Fisheries  (later  the 
National  Marine  Fisheries  Service)  annual  volumes  of  the  Fisher- 
ies Statistics  of  the  United  States.  Data  in  subsequent  years  were 
provided  by  the  Virginia  Marine  Resources  Commission  (VMRC) 
and  MDNR.  These  commercial  fisheries  data  are  unadjusted  re- 
ported landings.  Historic  effort  data  were  most  complete  for  the 
baywide  pot  fishery,  accounting  for  40-80%  of  the  landings  from 
all  jurisdictions  from  1945  to  1995,  and  for  70%  since  1981 
(Rugolo  et  al..  this  volume).  Directed  fishing  effort  from  the  other 
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Figure  10.  Maryland  trawl  survey  relative  abundance  index  (mean 
number/tow)  for  age  0  (0-59  mm  CW)  blue  crabs  by  sex  for  1977  to 
1995. 


two  principal  commercial  gear  types  (trotline  and  dredge)  were 
converted  to  equivalent  pot  units  and  combined  to  provide  a  bay- 
wide  measure  of  total  nominal  effort  for  1945  to  1995  (Fig.  13; 
Rugolo  et  al..  this  volume).  These  annual  effort  data  were  consis- 
tently derived  and  judged  to  provide  a  suitable  basis  for  interan- 
nual  comparisons  of  the  trend  in  effort  during  the  last  five  decades. 
Total  baywide  hard  plus  peeler/soft  crab  harvest  (Fig.  14)  were 
divided  by  total  nominal  effort  to  provide  a  measure  of  CPUE  in 
the  baywide  fisheries  for  years  1945  to  1995  (Table  2,  Fig.  15). 
Based  on  recent  time  series  of  harvest  and  effort  from  1982  to 
1995.  trends  in  relative  stock  abundance  from  the  Maryland  pot 
and  trotline  fisheries  were  derived  (Fig.  16).  Commercial  harvest 
and  effort  data  from  the  Potomac  River  were  provided  by  the 
Potomac  River  Fisheries  Commission  (PRFC)  for  years  1964  to 
1996  (Table  3.  Fig.  17). 

Surplus  Production  Analysis 

Surplus  production  modeling  was  developed  for  the  purpose  of 
estimating  maximum  sustainable  yield  (MSY)  for  the  combined 
Chesapeake  Bay  commercial  fisheries.  We  developed  production 
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Figure  9.  Baywide  winter  dredge  survey  relative  abundance  index 
(number/1,000  m'l  for  age  0  (0-59  mm  CW)  blue  crabs  by  sex  for  1990 
to  1996. 
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Figure  11.  Virginia  Institute  of  Marine  Sciences  trawl  survey  cor- 
rected relative  abundance  index  (mean  number/tow)  for  age  0  (0-59 
mm  CW)  blue  crabs,  sexes  combined,  for  1968  to  1995. 
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Figure  12.  Calvert  Cliffs  peeler  pot  survey  relative  abundance  index 
(mean  number/pot)  for  age  1  (60-119  mm  C\V)  blue  crabs  by  sex  for 
1968  to  1996. 

models  of  Schaefer  (1954)  and  Fox  (1970)  using  bay  wide  com- 
mercial harvest  and  nominal  directed  effort  for  1945  to  1995 
(Table  2).  This  analysis  updated  that  of  Tang  (1983),  who  used 
harvest  and  effort  data  through  1981.  The  resulting  fits  of  the 
Schaefer  and  Fox  production  models  are  shown  in  Figures  18 
and  19. 

Stock-Recruilment 

We  explored  blue  crab  stock-recruitment  (S-R)  modeling  us- 
ing a  variety  of  spawning  stock  and  recruitment  abundance  indices. 
The  purpose  of  these  efforts  was  twofold:  ( 1 )  to  determine  if  a 
consistent,  representative  time  series  of  spawning  stock  and  re- 
cruitment measures  was  available  to  characterize  the  relationship 
between  spawning  stock  and  subsequent  recruitment;  and  (2)  to 
examine  whether  the  relationship  between  stock-recruitment  could 
be  improved  by  incorporating  density-independent  factors  that  in- 
fluence juvenile  survivorship  or  recruitment  to  the  stock.  We  fit  the 
Ricker  (1954)  stock-recruitment  model  to  a  total  of  six  spawning 
stock  and  seven  recruit  metrics  for  a  total  of  42  pairwise  combi- 
nations of  S-R  relationships.  We  refer  the  reader  to  Rugolo  et  al. 
(1997)  for  a  more  thorough  presentation  of  this  analysis.  Results  of 
the  two  best  model  fits  between  the  VIMS  trawl  survey  female 
spawning  stock  (&130  mm  CW)  index  in  year  t  versus  the  VIMS 
and  MDNR  trawl  survey  age  0  indices  in  year  t-l-l  are  shown  in 
Figures  20  and  21,  respectively. 

Preliminary  analysis  using  the  best  S-R  model  fits  were  con- 
ducted using  a  method  described  in  Tang  (1985)  to  examine  if 
environmental  factors  assumed  to  affect  juvenile  blue  crab  survi- 
vorship and  recruitment  to  the  stock  could  improve  the  stock- 
recruitment  relationship.  We  examined  bottom  measures  of  tem- 
perature, salinity,  and  dissolved  oxygen  in  the  mainstem  bay  and 
freshwater  inflow  rates  measured  as  cumulative  river  discharge 
from  the  Susquehanna  River  through  the  mouth  of  the  Chesapeake 
Bay.  Results  of  this  analysis  were  indeterminate,  because  these 
environmental  factors  were  not  found  to  correlate  significantly 
with  the  density-independent  parameter  of  the  Ricker  (1954) 
model.  Further  analysis  of  density-independent  effects  on  recruit- 
ment success  In  blue  crabs  is  in  development  using  more  determi- 
native environmental  measures  (Rugolo  et  al.  1997). 

Exploitation  Rates 

To  guage  the  current  and  historic  pcrfoniiance  of  llic  Chesa- 
peake Bay  blue  crab  fisheries,  we  derived  measures  o\  relative 


exploitation  rate  (1968  to  1995)  and  absolute  exploitation  rate 
( 1956  to  1995)  on  the  hard  and  peeler/soft  crab  components  of  the 
stock.  Measures  of  relative  exploitation  rate  provided  a  basis  for 
assessing  the  time  series  trends  in  exploitation  rate  and  for  detect- 
ing a  rise  in  exploitation  as  recent  anecdotal  information  sug- 
gested. Estimates  of  absolute  exploitation  rates  represent  the  frac- 
tion of  the  stock  removed  by  fishing. 

Relative  Exploitation  Rates 

Relative  exploitation  rate  was  calculated  using  an  estimate  of 
the  fraction  of  the  stock  removed  by  the  fisheries.  From  the  Bara- 
nov  (1918)  catch  equation  (C  =  F  •  B)  we  see  that  fishing  mor- 
tality rate  (F)  is  proportional  to  catch  (C)  divided  by  average 
biomass  (B).  If  an  adequate  index  of  stock  biomass  (B)  can  be 
determined  from  survey  or  fishery  CPUE,  then  relative  exploita- 
tion rate  (ij-rel)  can  be  calculated  as  the  ratio  of  the  reported  catch 
biomass  (C)  to  the  index  of  stock  biomass  (CPUE): 


IXrel  =  C/CPUE 


(3) 


From  this  concept  we  derived  relative  exploitation  rate  (plrj^l)  in 
year  t  as: 


IJ-REl. 


Catch,  (kg) 


Survey  Abundance  Index,  (kg) 


(4) 


Relative  exploitation  rates  were  derived  using  baywide  total 
commercial  harvest  (Table  2,  Fig.  14)  and  two  fishery-independent 
measures  of  relative  exploitable  stock  biomass:  the  Calvert  Cliffs 
pot  survey  and  the  VIMS  trawl  survey  CPUE  indices.  Figure  22 
illustrates  the  time  series  trend  in  |j.rel  on  the  baywide  stock  using 
Calvert  Cliffs  age  \+  and  age  2-1-  stock  biomass  indices  for  1968  to 
1995.  Chesapeake  Bay  relative  exploitation  rates  during  1968  to 
1995  were  also  computed  using  the  VIMS  age  \+  and  age  2-i-  stock 
biomass  measures  (Fig.  23).  A  time  series  trend  in  (Ar^l  *or  the 
Maryland  blue  crab  fishery  was  derived  using  the  Calvert  Cliffs 
age  \+  and  age  2-i-  abundance  indices  and  the  Maryland  blue  crab 
harvest  in  years  1968  to  1995  (Fig.  24). 

Absolute  Exploitation  Rate 

The  rates  of  annual  exploitation  on  the  hard  crab  and  peeler/soft 
crab  components  of  the  stock  were  estimated  for  1956  to  1995 
using  the  length-based  estimates  of  instantaneous  total  mortality 
rate  (Z),  the  partial  recaiitment  of  each  stock  component  to  fully 
recruited  F,  and  the  in.stantaneous  rate  of  natural  mortality  (M). 
Length-based  rates  of  Z  were  derived  using  the  Calvert  Cliffs  and 
VIMS  survey  carapace  width  frequency  data  (see  Total  and  Fish- 
ing Mortality  Rates  section,  below).  For  these  calculations,  we 
assumed  Type  11  fisheries  with  M  =  0.375,  peeler/soft  crab  PR,, 
=  0.75  and  hard  crab  PR|+  =  1.0.  In  this  formulation,  absolute 
exploitation  rate  |j.,\hs  i"  y-^'H"  t  ^^^'s  derived  as: 


M-ABS  ■ 


F,A 


F,(l 


^-IM+Fllj 


(M-i-F,) 


(5) 


Width-based  estimates  of  instantaneous  fishing  mortality  rate 
(F),  computed  from  the  VIMS  and  Calvert  Cliffs  survey  data,  as 
well  as  derived  annual  exploitation  rales  (|jl.\hv;)  on  the  peeler/soft 
and  hard  crab  stock  components  are  shown  in  Table  4  and  Figures 
25  and  26. 
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TABLE  2. 

Conimerical  harvest  (10*  kg)  of  hard  and  soft  hlue  crah  from  Maryland  and  Virginia  and  the  baywide  total  harvest,  nominal  effort,"  and 

standard  catch  per  unit  effort  from  1945  to  1995. 


Maryland 

Virginia 

Total 
Harvest 

Baywide- 

Nominal 

Effort 

Std. 
CPUE 

Year 

Hard 

Soft 

Total 

Hard 

Soft 

Total 

1945 

8.172 

769 

8,941 

7.894 

815 

8.709 

17,650 

89,601 

0,434 

1946 

11.264 

1.169 

12,433 

11.26,S 

731 

11.999 

24.432 

1 20.03 1 

0.449 

1947 

11.312 

1.361 

12.674 

14,401 

1,087 

15,488 

28,162 

100,256 

0.619 

1948 

9.123 

842 

9.965 

17,907 

1,232 

19,140 

29,105 

128,027 

0.501 

1949 

9,792 

1.054 

10.847 

17.052 

1,117 

18,168 

29,015 

141,889 

0.451 

1950 

12,177 

1.311 

13.488 

19,461 

1,437 

20,898 

34,385 

164,171 

0.462 

1951 

12,024 

914 

12.939 

15,763 

1,778 

17,542 

30,480 

165,932 

0.405 

1952 

11,760 

712 

12,473 

14.054 

986 

15,039 

27,512 

137,185 

0.442 

1953 

11.958 

864 

12,823 

13.702 

1.162 

14.864 

27,687 

159,316 

0.383 

1954 

8.151 

501 

8,652 

13.671 

934 

14.605 

23,258 

149,313 

0.343 

1955 

6.908 

545 

7,453 

11.432 

804 

12,236 

19,688 

165,734 

0.262 

1956 

9,618 

829 

10,448 

10,423 

786 

11,209 

21.656 

169,062 

0.282 

1957 

12,419 

1.554 

13.973 

10.054 

716 

10,769 

24.742 

203.852 

0.268 

1958 

11,571 

1.439 

13.010 

7.227 

562 

7.790 

20.800 

198,439 

0.231 

1959 

9.405 

890 

10.295 

8.100 

483 

8,584 

18.879 

260.846 

0.160 

1960 

12,044 

1.263 

13,307 

16.051 

624 

16,675 

29.982 

298.412 

0.222 

1961 

12,002 

1.220 

13,222 

17,711 

619 

18,330 

31.552 

264,643 

0.263 

1962 

12,447 

1.763 

14,210 

21,909 

549 

22,458 

36,668 

291,079 

0.278 

1963 

7,588 

955 

8,543 

19,102 

376 

19,478 

28.021 

326,158 

0.189 

1964 

10.112 

1.584 

11.696 

20,825 

363 

21,188 

32,884 

277.271 

0.262 

1965 

14.170 

1.181 

15.351 

20,257 

432 

20,689 

36,040 

302.071 

0.263 

1966 

16,429 

854 

17,283 

28,112 

442 

28,554 

45,837 

373,684 

0.270 

1967 

11.057 

987 

12,044 

24.863 

552 

25,415 

37,459 

340,013 

0.243 

1968 

4.184 

454 

4.639 

20,336 

366 

20,702 

25,340 

326,144 

0.171 

1969 

10.356 

1.015 

11.370 

15.281 

894 

16,175 

27,545 

375,656 

0.162 

1970 

11.164 

715 

11.878 

18,383 

380 

18,763 

30,641 

400.7 1 1 

0.169 

1971 

11.697 

677 

12.374 

21,153 

292 

21,445 

33,819 

331,511 

0.225 

1972 

10.450 

692 

11.142 

20,883 

340 

11  222 

32,365 

334,223 

0.214 

1973 

8,700 

667 

9.366 

15,520 

391 

15,912 

25,278 

308,727 

0.181 

1974 

10,364 

815 

11.179 

17,071 

339 

17,410 

28,589 

300,465 

0.210 

1975 

10,549 

708 

11.256 

14,186 

321 

14.507 

25,764 

323,645 

0.176 

1976 

8,496 

627 

9.123 

11,469 

339 

11.808 

20,931 

372.001 

0.124 

1977 

9,058 

525 

9.583 

16,063 

310 

16,372 

25.955 

391,517 

0.146 

1978 

7.272 

389 

7.661 

15,887 

351 

16,238 

23,899 

461,145 

0.114 

1979 

10.771 

4.157 

14,928 

16.939 

489 

17,429 

32.357 

548,744 

0.130 

1980 

10,823 

489 

11.312 

15.189 

261 

15,450 

26,762 

490,179 

0.120 

1981 

25.761 

977 

26,738 

20,798 

327 

21,125 

47,863 

749,997 

0.141 

1982 

20,814 

1.221 

22.035 

21,785 

424 

22,209 

44,244 

667,203 

0.146 

1983 

23.740 

1,804 

25.543 

2 1 .259 

356 

21,615 

47.158 

571,223 

0.182 

1984 

19.917 

878 

20.794 

22.273 

400 

22,672 

43,466 

536.019 

0.179 

1985 

23.923 

1,259 

25.182 

17.234 

458 

17.692 

42,873 

498,308 

0.190 

1986 

20.379 

670 

21.049 

15,467 

257 

15.724 

36,773 

545,847 

0.149 

1987 

18.530 

811 

19.341 

13,453 

180 

13.633 

32,974 

526,384 

0.138 

1988 

18.397 

502 

18.899 

15.116 

441 

15.556 

34,456 

479.227 

0.159 

1989 

18.652 

555 

19.207 

18.297 

561 

18,858 

38,065 

535,291 

0.157 

1990 

19,809 

642 

20.451 

20,350 

431 

20,781 

41,232 

439,217 

0.207 

1991 

20,748 

789 

21.537 

19.082 

604 

19,686 

41.223 

511,988 

0.178 

1992 

13,449 

546 

13.994 

10.571 

226 

10,797 

24.791 

460.488 

0.119 

1993 

25,137 

837 

25.974 

24,596 

846 

25,442 

51.416 

612,916 

0.185 

1994 

18,998 

746 

19,745 

15.502 

658 

16.160 

35,904 

494.597 

0.160 

1995 

18.358 

772 

19.130 

13..542 

785 

14.327 

33,457 

614.767 

0.120 

"  Nominal  effort  standardized  lo  pot  effort. 


Total  and  Fishing  Mortality  Rates 

Contemporary  fisheries  stock  assessment  relies  on  a  variety  of 
analytical  approaches  to  estimate  fishing  mortality  rate  (F).  Where 
reliable  age  data  exist,  eatch-at-age  analysis,  such  as  virtual  popu- 


lation analysis  or  other  age-based  methods,  are  often  employed. 
Where  age  data  are  unavailable,  and  suitable  measures  of  the 
length-frequency  of  the  catch  exist,  catch-at-size  analysis  can  be 
employed,  given  specification  of  the  growth  model  of  the  target 
organism.  Blue  crabs  present  challenges  in  estimating  F,  because 
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Figure  13.  Chesapeake  Baywide  blue  crab  nominal  fishing  effort  (lO'      FigurelS.  Chesapeake  Baywide  blue  crab  commercial  CPUE  (kg/pot) 
pots)  for  1945  to  1995. 


for  1945  to  1995. 


both  size  and  age  composition  of  the  landings,  as  well  as  the  age 
stiTicture  of  fishery-independent  survey  data  are  unavailable.  A 
reliable  method  of  age  determination  in  blue  crabs  is  not  available. 
The  absence  of  these  data  precluded  many  standard  analytical 
stock  assessment  approaches  to  estimate  F  on  the  Chesapeake  Bay 
blue  crab  stock. 

In  instances  where  representative  annual  measures  of  the  length 
frequency  (width  frequency  for  crabs)  of  the  stock  are  available,  as 
well  as  the  growth  in  length  with  age.  length-based  approaches  can 
provide  reliable  estimates  of  many  populatit)n  dynamic  and  fishery 
parameters.  Beverton  and  Holt  (1957)  developed  an  approach  for 
estimating  instantaneous  total  mortality  Z  from  the  mean  length 
(L)  of  the  catch  and  the  von  Bertalanffy  (1938)  model  parameters 
K  and  h,_.  Hoenig  (1987)  suggested  that  the  Beverton  and  Holt 
formulation  is  biased  in  the  estimation  of  Z  when  L  approaches  the 
length  at  full  recruitment  to  the  gear  (L').  We  selected  the  Hoenig 
refinement  to  estimate  Z  on  the  Chesapeake  Bay  blue  crab  popu- 
lation, because  we  considered  that  this  bias  was  operative  for 
available  data: 


Z  =  log. 


[e~'^(CW  -  CW-,)]  +  CW,  -  CW' 
(CW-CW') 


(6) 


where,  K  and  CW.^   =  curvature  and  maximum  carapace  width 
parameters  from  the  von  Bertalanffy  model;  CW  =  mean  total 


> 

a: 
< 

X 


CW  (mm)  of  crabs  of  length  CW'  and  longer;  and.  CW'  =  cara- 
pace width  (mm)  at  full  recnutment  to  the  gear. 

Carapace  width  frequency  data  used  in  this  analysis  were  ob- 
tained from  five  fishery-independent  surveys,  the  VIMS  and 
MDNR  trawl  surveys,  the  baywide  winter  dredge  survey,  the  Cal- 
vert Cliffs  pot  survey,  and  the  Chesapeake  Biological  Laboratory 
pot,  scrape,  and  trotline  study. 

Carapace  width  frequency  distributions  were  prepared  for  sexes 
combined  in  10  mm  width  groups,  because  examination  of  sex- 
specific  width  distributions  displayed  no  pronounced  within  year 
differences  (Rugolo  et  al.  1997).  Based  on  resulting  width  frequen- 
cies, gear  selection  characteristics,  survey  location,  and  related 
life-history  information,  full  recruitment  to  the  survey  gear  (CW) 
was  set  at  120  mm.  Accordingly,  the  120-29  mm  and  larger  width 
groups  corresponding  to  age  2+  crabs  were  fully  recruited  to  F. 
The  only  exception  was  the  1987  CBL  study  using  scrape  gear,  for 
which  full  recruitment  was  set  at  60  mm  carapace  width.  In  this 
instance,  resulting  total  mortality  estimates  included  partially  re- 
cruited age  1  crabs. 

Width-based  estimates  of  Z  for  sexes  combined  using  MDNR 
and  VIMS  trawl  survey  data  are  shown  in  Figure  27.  Correspond- 
ing estimates  based  on  the  baywide  winter  dredge  survey,  Calvert 
Cliffs  pot  survey,  and  1987  CBL  study  are  shown  in  Figure  28. 
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YEAR  Figure  16.  Maryland  CPUE  for  the  commercial  pot  (mean  kg/pot/ 

hesapeake  Baywide  reported  commercial  blue  crab  har-       month)  and  Irolline  (mean  kg/trotline-hr/month)  fisheries  for  19S2  to 
for  1945  to  1995.  l'''''^- 
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TABLE  3. 

Potomac  River  blue  crab  harvest  (10'  kg)  and  effort  (number  of 
commercial  blue  crab  licenses  issued)  for  1964  to  1996. 


Year 


Harvest 


Effort 


I9(S4 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 


1.301 

1,490 

1,589 

1,111 

689 

736 

864 

863 

963 

727 

757 

943 

902 

357 

1,007 

1,323 

n/a 

n/a 

1,893 

2,221 

1,802 

2,734 

2,657 

2,173 

2,251 

2,411 

2,321 

3,255 

2,620 

3,400 

2,696 

1,823 

2.508 


226 
231 
2.56 
244 
223 
2.^4 
224 
226 
22S 
247 
273 
301 
338 
384 
395 
349 
336 
375 
414 
397 
41S 
400 
404 
387 
366 
363 
386 
390 
419 
459 
442 
500 
570 


■Annual  fishing  mortality  rates  (F)  were  obtained  from  these  sur- 
vey-based estimates  of  Z  by  subtraction  of  M  =  0.375  (Table  4). 
The  reader  is  referred  to  Rugolo  et  al.  (1997)  for  a  more  complete 
presentation  of  data  tables  and  representative  width  frequency  his- 
tograms from  these  surveys. 
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Figure  17.  Potomac  River  blue  crab  commercial  harvest  (10*  kg)  and 
number  of  commercial  blue  crab  licenses  issued  from  1964  to  1996. 
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Figure  18.  Schaefer  surplus  production  model  for  baywide  blue  crab 
stock  based  on  commercial  harvest  and  nominal  effort  for  1945  to 
1995.  Estimated  MSV  is  for  commercial  fishery  only. 


Life  History  Characteristics 

Longevity 

One  of  the  population  dynamic  characteristics  fundamental  to 
stock  assessment  is  longevity.  Longevity  is  the  expected  maximum 
age  that  the  species  would  attain  under  conditions  of  no  fishing 
(i.e.,  F  =  0) — the  so-called  virgin  stock.  For  practical  consider- 
ations, longevity  can  be  considered  as  the  age  which  the  upper  95th 
percentile  of  the  unexploited  population  attains.  The  current  con- 
vention is  that  blue  crabs  in  the  Chesapeake  Bay  live  a  maximum 
of  3  y,  even  in  the  absence  of  fishing  (Van  Engel  1958).  This 
convention  is  based  on  the  observation  of  blue  crabs  held  in  cap- 
tivity. 

Results  of  a  tagging  study  conducted  in  Albemarle  Sound, 
North  Carolina  provided  compelling  evidence  that  blue  crabs  at- 
tain an  age  of  at  least  5  years  (Fishier  1965).  A  life  span  of  5  y  is 
likely  a  minimum  estimate  of  blue  crab  longevity,  because  intense 
commercial  fishing  on  the  stock  was  coincident  with  the  study; 
thus,  violating  the  assumption  of  virgin  conditions.  Based  on  Fishier 
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Figure  19.  Fox  surplus  production  model  for  baywide  blue  crab  stock 
based  on  commercial  harvest  and  nominal  effort  for  1945  to  1995. 
Estimated  MSY  is  for  commercial  fisher)  only. 
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SPAWNER  INDEX 

Figure  20.  Ricker  stock-recruitment  model  based  on  the  VIMS  trawl 
survey  female  spawning  stock  index  (Sl30  mm  CW)  and  age  0  (0-59 
mm  CW)  recruitment  index  for  years  1956  to  1995. 
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Figure  2i.  Relative  exploitation  rate  on  the  blue  crab  stock  calculated 
from  bajvvide  harvest  and  the  VIMS  trawl  survey  abundance  indices 
(kg/tow)  for  age  1+  (3=60  mm  CW)  and  age  2+  (3=120  mm  CW )  blue 
crabs. 
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Figure  21.  Ricker  stock-recruitment  model  based  on  the  VIMS  trawl 
survey  female  spawning  stock  index  (&130  mm  CW  )  and  the  MDNR 
trawl  survey  age  0  recruitment  index  for  years  1977  to  1995. 


(1965),  we  initially  assumed  that  longevity  in  blue  crabs  was  6 
years.  Results  of  a  1989  tagging  study  (McConnaugha  1991)  on 
mature  female  blue  crabs  in  the  Chesapeake  Bay  corroborated 
Fishier' s  findings  of  age  5  y  blue  crabs  present  in  the  stock;  ad- 
ditional tag  returns  indicated  that  6-year-old  crabs  were  also 
present.  In  1995.  two  tags  were  recovered  from  the  1989  releases, 
one  each  in  the  spring  and  fall  of  1995.  Because  these  two  recov- 
eries were  mature  females  (1.5-2  y)  when  released,  this  suggested 
that  female  blue  crabs  between  7.5-8  years  of  age  exist  in  the 
Chesapeake  Bay  stock  under  moderate-to-full  rates  of  fishing  mor- 
tality. Given  this  information,  we  established  a  maximum  theoret- 
ical age  (longevity)  of  8  y  for  the  Chesapeake  Bay  blue  crab. 

The  use  of  an  older  maximum  age  from  the  range  of  likely 
values  is  risk  averse,  because  natural  mortality  (M)  becomes  a 
smaller  component  of  Z.  and  the  threshold  fishing  mortality  rates 
are  lowered.  Rugolo  et  al.  (1997)  examined  the  iinpacts  on  esti- 
mated mortality  (Z)  and  biological  reference  points  associated  with 
longevity  of  4  y  and  6  y.  Results  of  their  analysis  illustrated  that  the 
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Figure  22.  Relative  exploitation  rate  on  the  blue  crab  stock  calculated 
from  baywidc  harvest  and  the  Calvert  Cliffs  pot  survey  abundance 
indices  (kg/pot)  for  age  1+  (60  mm  CW)  and  age  2+  (     120  mm  CW  ) 
blue  crabs. 
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Figure  24.  Relative  exploitation  rate  on  the  blue  crab  stock  calculated 
from  Maryland  harvest  and  the  Calvert  Cliffs  pot  survey  abundance 
indices  (kg/pot)  for  age  1+  (  60  mm  CW  )  and  age  2+  (  120  mm  CW) 
blue  crabs. 
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TABLE  4. 

Length-based  estimaUs  i>f'  instantaneous  fishing  mortality  rate  (F) 

and  evploitatlon  rate  ((il  on  the  peeler/soft  and  hard  crab 

components  of  the  Chesapeake  Bay  stock  using  Calvert  Cliffs  (CO 

pot  survey  lIMhS  to  my5l  and  \  IMS  tra«l  survey  llMSft  to  l'W5l 

carapace-»idth  frequency  data  and  mean  e\ploilati(m  rale  >\ilh 

standard  error  for  the  respective  periods. 


Year 


1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 

Mean 
SE 


Exploitation  Rate 


(F) 


P/Soft 


cc 


0.52 
0.99 
0.80 
0.95 
0.87 
0.68 
0.70 
0.72 
0.74 
0.56 
0.68 
0.75 
0.59 
0.96 
0.70 
0.75 
0.95 
0.94 
0.83 
0.68 
0.70 
0.77 
0.74 
0.78 
0.98 
0.95 
1.11 
1.00 


VIMS 


CC 


VIMS 


0.88 
1.01 
0.96 
0.96 
0.94 
0.95 
0.97 
0.95 
0.94 
0.95 
0.95 
0.95 
0.94 
0.93 
0.79 
1.02 
0.97 
1.16 
0.98 
1.07 
0.82 
0.77 
0.82 
0.81 
0.66 
0.87 
0.84 
0.86 
1.05 
1.07 
0.77 
0.74 
0.75 
0.74 
0.78 
0.70 
0.73 
0.89 
1.11 
0.87 


0.27 
0.45 
0.38 
0.43 
0.41 
0.34 
0.35 
0.35 
0.36 
0.29 
0.34 
0.37 
0.30 
0.44 
0.35 
0.37 
0.43 
0.43 
0.39 
0.34 
0.35 
0.37 
0.36 
0.38 
0.44 
0.43 
0.48 
0.45 

0.38 
0.01 


0.41 
0.45 
0.44 
0.44 
0.43 
0.43 
0.44 
0.43 
0.43 
0.43 
0.43 
0.43 
0.43 
0.43 
0.38 
0.46 
0.44 
0.50 
0.44 
0.47 
0.39 
0.37 
0.39 
0.39 
0.33 
0.41 
0.40 
0.40 
0.47 
0.47 
0.37 
0.36 
0.37 
0.36 
0.38 
0.35 
0.36 
0.41 
0.48 
0.41 

0.42 
0.01 


Hard 


CC 


0.34 
0.54 
0.47 
0.53 
0,50 
0.42 
0.43 
0.44 
0.45 
0.36 
0.42 
0.45 
0.38 
0.53 
0.43 
0.45 
0.53 
0.52 
0.48 
0.42 
0.43 
0.46 
0.45 
0.46 
0.54 
0.53 
0.58 
0.54 

0.47 
0.01 


VIMS 


(1.50 
0.55 
0.53 
0.53 
0.53 
0.53 
0.53 
0.53 
0.52 
0.53 
0.53 
0.53 
0.52 
0.52 
0.47 
0..55 
0.53 
0.59 
0.54 
0.57 
0.48 
0.46 
0.48 
0.47 
0.41 
0.50 
0.49 
0.49 
0.56 
0.57 
0.46 
0.45 
0.45 
0.45 
0.46 
0.43 
0.44 
0.5 1 
0.58 
0.50 

0.51 
0.01 


shorter  the  assumed  life  span,  the  greater  the  gap  between  current 
F  and  threshold  F — a  risk  prone  management  outcome. 

Natural  Mortality  Rate 

The  instantaneous  rate  of  natural  mortality  (M)  was  estimated 
using  the  International  Council  for  the  Exploration  of  the  Sea 
(ICES)  convention;  that  is.  57c  survivorship  at  ma,\imum  age  fol- 
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Figure  25.  Estimated  Chesapeake  Baywide  annual  exploitation  rate 
(fjl  on  the  peeler/soft  crab  component  of  the  stock  using  length-based 
estimates  of  instantaneous  fishing  mortality  rates  derived  from  the 
VIMS  trawl  (1956  to  1995)  and  Calvert  Cliffs  pot  (1968  to  1995)  survey 
data. 


lowing  negative  exponential  depletion  (Anthony  1982.  Vetter 
1985).  Using  longevity  of  8  y.  M  on  Chesapeake  Bay  blue  crabs 
was  estimated  at  0.375. 

Growth 

Blue  crab  growth  (CW  at  age)  was  modeled  using  the  formu- 
lation of  von  Bertalanify  ( 1938).  The  von  Bertalanffy  parameters 
were  estimated  using  the  FISHPARM  (Prager  1987)  fisheries  soft- 
ware system  (Fig.  29).  Input  data  included  maximum  age  of  8  y, 
and  the  current  upper  bound  estimates  of  the  size  groupings  for  age 
0  (0-59  mm),  age  1  (60-1 19  mm)  and  age  2  (120-79  mm).  Use  of 
presumptive  ages  based  on  size  groupings  was  required,  because 
age  data  for  blue  crabs  do  not  exist.  Estimates  of  sizes  for  age  3-7 
were  unspecified  in  the  model;  a  point  estimate  of  260  mm  was 
specified  for  age  8.  We  selected  260  mm  as  an  estimate  of  the 
mean  carapace  width  at  age  8  based  on  the  fact  that  260  mm  ( 1 0 
1/4  in)  was  the  largest  crab  caught  in  Maryland  that  could  be  verified. 
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Figure  26.  Estimated  Chesapeake  Baywide  annual  exploitation  rate 
((1)  on  the  hard  crab  component  of  the  stock  using  length-based  esti- 
mates of  instantaneous  fishing  mortality  rates  derived  from  the  VIMS 
trawl  (1956  to  1995)  and  Calvert  Cliffs  pot  (1968  to  1995)  survey  data. 
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Figure  27.  Estimated  Chesapeake  Baywide  instantaneous  total  mor- 
tality rate  (Z)  based  on  carapace  width  frequency  data  from  the  VIMS 
(1956  to  1995)  and  MDNR  (1968  to  1995)  trawl  surveys. 

The  capture  of  two  large  ( 195  mm)  peeler  (i.e..  premolt)  crabs  in 
the  1987  CBL  study,  as  well  as  reported  254  mm  (10  in)  peeler 
crabs  in  the  Gulf  of  Mexico  blue  crab  stock  suggested  that  a 
maximum  observed  size  of  260  mm  was  reasonable  for  terminal 
age  of  the  v/r?/);  stock.  Specifying  this  size  at  maximum  age 
effectively  constrained  the  von  Bertalanffy  model  at  its  asymptotic 
value  CW-^.  We  disregarded  many  anecdotal  reports  of  consider- 
ably larger  (300-1-  mm  CW)  blue  crabs  in  the  Gulf  of  Mexico  and 
the  New  England  regions.  We  recognize  that  the  continuous 
growth  model  of  von  Bertalanffy  does  not  strictly  reflect  incre- 
mental blue  crab  growth  that  occurs  via  molting.  We  felt  that  this 
model  was  largely  representative  of  mean  blue  crab  carapace  width 
at  age  and  sufficient  for  the  purpose  of  the  analysis.  The  von 
Bertalanffy  model  is  convenient,  because  estimates  of  K  and  CW-^ 
needed  in  population  dynamic  modeling  are  emergent  properties. 
Sex-specific  weight  at  carapace  width  was  detei'mined  using 
the  function  presented  in  Rothschild  et  al.  ( 1992).  This  relationship 
was  based  on  a  1992  sample  of  5,000  crabs  of  each  sex  collected 
throughout  the  Chesapeake  Bay  by  the  baywide  winter  dredge 
survey.  Because  YPR  considers  female  survival  and  growth  in 
weight,  the  Rothschild  et  al.  (1992)  female  weight  at  carapace 
width  function  was  used  to  estimate  age-specific  weight  (g)  as: 
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Figure  28.  Estimated  Chesapeake  Baywide  instantaneous  total  mor- 
tality rate  (Z)  based  on  carapace  width  frequency  data  from  the  Cal- 
vert Cliffs  (1968  to  I995I  pot,  the  baywide  winter  dredge  (1990  to  1996) 
and  the  1987  CBL  pot,  trotline.  and  scrape  surveys. 


Mean  Age  of  Stock 


To  reconcile  the  overwhelming  evidence  that  Chesapeake  Bay 
blue  crabs  live  considerably  longer  than  the  current  convention  of 
3  y,  a  simple  life  table  analysis  was  developed  using  our  finding  of 
longevity  of  8  y  for  two  stock  designations  under  varying  levels  of 
total  mortality  (Z).  For  each  age  (t)  1  through  8,  the  number  of 
individuals  surviving  to  the  start  of  age  l+\  (N.^.,)  was  derived  as: 


N,.,   =  (N, -Pr, -e- 


')  +  [N, -d-Pr.l-e-'^'l 


(8j 


Our  specific  aim  was  to  evaluate  whether  the  modeled  mean  age 
and  size  of  blue  crabs  in  the  stock  was  consistent  with  current 
convention  and  perhaps  to  explain  the  evolution  of  conventional 
wisdom  that  blue  crabs  do  not  live  beyond  3  y  of  age. 

The  mean  age  of  a  theorerical  stock  and  observed  stock  were 
obtained  under  virgin  conditions  (F  =  0)  and  for  levels  of  Z  = 
0.8-1.5  (i.e.,  F  =  0.425-1.125).  The  theoretical  stock  is  defined  as 
all  cohorts  age  0-8.  If  survey  and  or  fishery  data  exist  in  which  O-i- 
mm  blue  crabs  are  representatively  sampled.  Table  5  and  Figure  30 
provide  comparative  modeled  results  of  the  expected  mean  age  and 
mean  carapace  width  of  the  theoretical  stock  under  virgin  and 
contemporary  fishing  conditions.  Survey  and  fishery  data  in  which 
the  age  0  cohort  are  fully  represented  do  not  exist.  Consequently, 
we  defined  the  observed  stock  as  consisting  of  all  cohorts  age  1-8 
(i.e.,  60-F  mm  CW).  Blue  crabs  of  this  size  are  sufficiently  large  to 
be  represented  in  both  research  survey  and  fishery  data,  hence  the 
term  ohsencd.  Table  5  and  Figure  30  provide  the  expected  mean 
age  and  mean  carapace  width  of  the  observed  stock  under  virgin 
and  contemporary  fishing  conditions. 

Maturity  at  Age 

Determination  of  female  maturity  at  age  in  blue  crabs  was 
based  on  percentage  maturity  at  size  ogives  presented  in  Roths- 
child et  al.  (1992),  weighted  by  the  percentage  at  carapace  width 
in  each  age  grouping.  Among  65,000  female  crabs  examined  in 
1991  to  1992,  Rothschild  et  al.  (1992)  found  few  mature  indi- 
viduals under  100  mm  CW  and  essentially  no  immature  individu- 
als over  140  mm  CW.  Therefore,  we  assumed  that  all  age  0  (0-59 
mm  CW)  female  blue  crabs  were  immature  and  that  all  crabs  180 
mm  CW  (age  3)  and  over  were  mature.  Determination  of  the 
percentage  mature  at  ages  1  (60-1  19  mm)  and  2  ( 120-79  mm)  was 
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TABLE  5. 

The  proportion  at  age  of  each  cohort  in  the  theoretical  stock  (ajjes  »+)  and  the  observed  stock  (ages  1  +  1  under  virgin  conditions  (Z  =  0.375) 
and  varvins  levels  of  instantaneous  total  mortality  (/,),  and  the  resultant  mean  age  of  the  theoretical  and  observed  stocks  for  each  level  of 

total  mortalitv. 


Theoretical  Stock 

Total  Mortality  (Z) 

0.375 

0.8 

0.9 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

Age 

Proportion  at 

Age 

(1 

0,324 

0,438 

0.456 

0.470 

0.483 

0.494 

0.503 

0.512 

0.519 

1 

0.223 

0.291 

0.300 

0.30iS 

0.315 

0.320 

0.325 

0.329 

0.333 

2 

0.153 

0.148 

0.143 

0.138 

0.133 

0.127 

0.122 

0.117 

0.113 

3 

0.105 

0.068 

0.060 

0.053 

0.047 

0.041 

0.036 

0.032 

0.028 

4 

0.072 

0.031 

0.024 

0.019 

0.015 

0.012 

0.010 

0.008 

0.006 

5 

0.050 

0.014 

0.010 

0.007 

0.005 

0.004 

0.003 

0.002 

0.001 

6 

0.034 

0.006 

0.004 

0.003 

0.002 

0.001 

0.001 

0.000 

0.000 

7 

0.023 

0.003 

0.002 

0.001 

0.001 

0.000 

0.000 

0.000 

0.000 

8 

0.016 

0.001 

0.001 

0.000 

0.000 

0.000 

0.000 

0.000 

0.000 

Mean  age  (y) 

1.88 

1.05 

0.96 

0.88 

0.82 

0.78 

0.74 

0.70 

0.68 

Observed  Stock 


Total  Mortality 

•(Z) 

0.375 

0.8 

0.9 

1.0 

LI 

1.2 

1.3 

1.4 

1.5 

Age 

Proportion  at 

Age 

1 

0.329 

0.518 

0.552 

0.582 

0.609 

0.633 

0.655 

0.674 

0.691 

2 

0.226 

0.263 

0.263 

0.260 

0.257 

0.252 

0.246 

0.240 

0.234 

3 

0.155 

0.122 

0.111 

0.100 

0.090 

0.081 

0.072 

0.065 

0.058 

4 

0.107 

0.055 

0.045 

0.037 

0.030 

0.024 

0.020 

0.016 

0.013 

5 

0.073 

0.025 

0.018 

0.014 

0.010 

0.007 

0.005 

0.004 

0.003 

6 

0.050 

0.011 

0.007 

0.005 

0.003 

0.002 

0.001 

0.001 

0.001 

7 

0.035 

0.005 

0.003 

0.002 

0.001 

0.001 

0.000 

0.000 

0.000 

8 

0.024 

0.002 

0.001 

0.001 

0.000 

0.000 

0.000 

0.000 

0.000 

Mean  age  (y) 

2.78 

1.87 

1.76 

1.67 

1.59 

1.53 

1.48 

1,44 

1 .40 

based  on  the  maturity  at  width  (Rothschild  et  al.  1992)  and  size 
composition  from  the  baywide  winter  dredge  survey  for  tho.se 
years  (Rugolo  et  al.  1997).  The  approximate  fractions  of  mature 
age  1  and  age  2  female  crabs  were  estimated  at  109f  and  90%. 
respectively. 

In  an  effort  to  encompass  the  range  of  potential  female  maturity 
schedules,  four  maturity  at  age  profiles  were  developed  (Fig.  31). 
Although  we  refer  to  these  as  maturity  profiles,  they  more  accu- 
rately reflect  lifetime  spawning  activity.  Each  profile  contains  the 
same  initial  segment  for  ages  0-3.  which  represents  maturity  at 
age.  For  ages  4—8  y,  the  proportion  mature  reflects  spawning  be- 
havior, either  constant  with  age  after  3  y  (flat-topped)  or  declining 
with  age  because  of  senescence  (Dome- 1  through  Dome-3).  The 
latter  models  reflect  diminishing  reproductive  capacity  after  the 
first  year  of  spawning  as  a  result  of  the  theorized  one-time  mating 
event  upon  maturation. 

Rugolo  et  al.  (1997)  discussed  the  biological  implications  of 
this  range  of  maturity  profiles  and  their  influence  on  the  estimation 
of  biological  reference  points.  In  short,  the  assumption  of  lifetime 
spawning  potential  (flat-topped)  is  most  risk  averse  for  reference 
point  calculation;  however,  it  is  the  most  biologically  unrealistic, 
because  it  is  generally  accepted  that  female  blue  crab  reproductive 


capacity  diminishes  after  first  spawning.  In  contrast,  the  maturity 
schedule  designated  as  Dome-3  is  most  consistent  with  current 
understanding  of  blue  crab  reproductive  biology  and  also  most  risk 
prone  in  terms  of  estimating  threshold  fishing  mortality  rates.  We 
selected  Dome-2  for  subsequent  YPR  modeling.  This  choice  re- 
flected a  compromise  between  beliefs  that  female  blue  crabs  dem- 
onstrate sharply  declining  reproductive  capacity  with  age  and  our 
desire  to  be  risk  averse  in  the  estimation  of  biological  reference 
points  for  the  Chesapeake  Bay  stock. 

Biologic  Reference  Points 

Yield  per  Recruit  .\nalysis 

To  assess  stock  conditions  at  varying  levels  of  fishing  mortality 
(F)  and  to  estimate  biological  reference  points,  we  developed  a 
YPR  model  following  the  method  of  Thompson  and  Bell  (1934). 
For  each  level  of  F.  model  output  included  total  stock  and  spawn- 
ing stock  size  per  recruit  (weight  and  number),  and  percentage  of 
maximum  spawning  potential  C/rMSP).  A  range  of  fishing  mor- 
tality rates  from  F  =  0-2.0  were  examined  in  each  model  run.  In 
all  model  formulations.  M  was  constant  with  age  at  0.375;  maxi- 
mum age  was  8  y.  Lacking  empirical  evidence  to  the  contrary,  the 
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Figure  30.  Mean  age  of  the  Chesapeake  Bay  population  of  blue  crabs 
under  virgin  conditions  (F  =  0)  and  varying  levels  of  instantaneous 
total  mortality  ( Z I  for  the  theoretical  stock  I  ages  0+ 1  and  observed  stock 
(ages  1+). 

mean  weight  of  the  stock  was  set  equal  to  that  in  the  harvest  and 
derived  from  the  von  Bertalanffy  mean  width  at  age  (Rugolo  et  al. 
1997)  and  width-weight  relationships  (Rothschild  et  al.  1992).  The 
age-specific  pattern  of  recruitment  to  fishing  mortality  was  esti- 
mated based  on  size-specific  selectivity  of  the  principal  harvest 
gears,  minimum  size  regulations,  and  the  relative  contribution  of 
each  gear  to  the  baywide  landings  (Rugolo  et  al.  1997).  The  re- 
sulting PR  schedule  was  0.10.  0.75.  0.95,  and  1.0  for  ages  0,  1,2. 
3-8.  respectively.  The  proportions  of  M  and  F  occurring  before 
spawning  were  set  to  0.75  and  0.635.  respectively  (Rugolo  et  al. 
1997). 

Four  YPR  model  configurations  were  developed,  one  for  each 
maturity  at  age  profile  providing  YPR,  spawning  stock  biomass 
per  recruit  (SSB/R).  <7f  MSP  values,  and  a  set  of  biological  refer- 
ence points.  Rugolo  et  al.  ( 1997)  present  the  results  of  each  model 
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Figure  31.  Maturity  at  age  (spawning  activity)  protlles  for  female 
Chesapeake  Bay  blue  crabs. 


run  and  discuss  the  consequences  on  reference  point  calculation  of 
the  four  maturity  profiles  and  longevity  4,  6,  and  8  y.  Here,  we 
present  only  the  results  of  the  most  biologically  reasonable  matu- 
rity schedule,  the  Dome-2  profile.  Estimates  of  threshold  fishing 


mortality  rates  F,, ,. 
Fiaure  32. 


Fmax-  and  FcfMsp  (5-20%)  are  presented 


Spawning  Stock  .\bundance  per  Recruit  Analysis 

Spawning  stock  abundance  per  recruit  (SSA/R)  output  from  the 
YPR  analysis  was  combined  with  S-R  data  to  estimate  Fh,gh- 
F^,,^.|,.  and  F,  ^^  biological  reference  points.  When  S-R  data  are 
represented  in  numbers  of  spawning  stock  and  recruits,  the  slope  of 
a  line  drawn  from  the  origin  through  the  scatter  plot  provides  an 
index  of  the  number  of  recruits  produced  from  a  given  number  of 
spawning  individuals.  The  slope  can  be  used  in  combination  with 
YPR  modeling  to  estimate  threshold  fishing  mortality  rates  F„,ch. 
1"meD'  '"id  Fi  Q\^. 

We  selected  the  historic  VIMS  trawl  survey  as  a  source  of 
recruit  and  spawner  metrics,  because  it  was  the  longest  time  series 
record  of  these  measures:  thereby,  providing  the  widest  potential 
range  of  recruit  and  spawner  values,  and  because  they  were  found 
to  provide  the  best  fit  to  the  Ricker  S-R  model  (Rugolo  et  al. 
1997).  The  VIMS  survey  index  of  recruits  (<60  mm  CW)  was 
plotted  against  the  index  of  female  spawning  stock  (S=130  mm 
CW)  for  this  analysis  (Fig.  33). 

The  median  line  bisects  the  field  of  points  and  is  considered  to 
represent  a  level  at  which  the  stock  is  likely  to  sustain  itself  (ICES 
1983).  Using  this  median  recruit-to-spawner  ratio  we  estimated 
Frep.  the  level  of  fishing  mortality  that  allows  the  stock  to  persist 
by  providing  sufficient  recruitment,  on  average,  to  replace  losses 
caused  by  all  sources  of  mortality.  Fr^p  as  a  biological  reference 
point  implicitly  considers  the  vagaries  of  density-independent  ef- 
fects on  stock  stability.  Two  additional  lines  were  drawn  through 
the  field  of  S-R  points  so  that  either  25  or  75'7f  of  the  points  were 
above  the  line.  The  slopes  of  these  lines  reveal  F^ioh  ''"d  Flow 
threshold  mortality  rates,  respectively  (Fig.  33).  The  value  F„,ch 
is  generally  thought  to  be  too  high  for  a  stock  to  sustain  itself  in  the 
long  term,  especially  for  r-selected  species,  such  as  blue  crabs, 
because  only  25%  of  the  production  of  new  individuals  exceeds 
this  value  on  average.  The  value  Flqv^  is  a  risk  averse  reference 
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Figure  32.  \ield  per  recruit  and  percentage  maximum  spawning  po- 
tential for  Chesapeake  Bay  blue  crabs  based  on  the  method  of  Thomp- 
son and  Bell  (iy34)  under  the  l)ome-2  maturity  prollle.  Biological 
reference  points  F,, ,,  F^^^,  and  F,,^,,,,.  (5-20'^r)  are  indicated. 


Chesapeake  Blue  Crab  Stock  Assessment 
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Figure  33.  Spawning  stock  abundance  per  recruit  analysis  under  tlie 
Donie-2  maturity  profile  based  on  the  VIMS  trawl  survey  female 
spawning  stock  index  (^130  mm  C\V)  and  the  age  0  (0-59  mm  CWl 
recruitment  index  for  years  1956  to  1995.  Biological  reference  points 
Fhich"  pRKp.  and  Fiow  are  indicated. 

\  alue  that  would  theoretically  avoid  growth  and  recruitment  over- 
fishing. For  the  blue  crab.  Flow  was  found  to  be  less  than  Fq  ,  and 
F^,^x-  'hus  a  portion  of  the  potential  equilibrium  yield  would  be 
theoretically  lost  to  fisheries  operating  at  this  F.  Rugolo  et  al. 
(1997)  compare  SSA/R  modeling  results  for  all  four  maturity  at 
age  profiles  in  terms  of  Fh,cj^.  F^,£d,  and  Flow  threshold  values. 

Gear  Saturation  Analysis 

In  this  analysis,  we  examined  the  essential  operational  elements 
of  the  Chesapeake  Bay  blue  crab  fisheries  from  1945  to  1993. 
Despite  a  near  fi\efold  increase  in  total  directed  fishing  effort 
since  1945  (Fig.  13).  annual  exploitation  rate  (Fig.  25.  26)  has 
varied  without  trend.  This  dramatic  rise  in  effort,  coupled  with 
relatively  stable  harvest  (Fig.  14).  resulted  in  a  decline  in  baywide 
CPUE  since  1945  (Fig.  15).  Although  recent  estimates  of  F  dem- 
onstrate a  slightly  increasing  trend  (Table  4).  this  increase  is  within 
the  range  of  variability  in  these  values  since  1956.  Assuming  con- 
stant q  and  stock  size,  fishing  mortality  would  have  been  expected 
to  rise  since  the  mid-1950s  in  proportion  to  the  observed  rise  in 
effort.  Because  estimates  of  F  did  not  increase  in  proportion  to 
increases  in  effort,  the  indication  was  that  catchability  has  not 
remained  constant  since  the  mid-1950s. 

We  considered  that  the  assumption  of  constant  q  has  been 
violated  for  the  blue  crab  fishery  owing  largely  to  the  use  of  static 
capture  gear  as  the  primary  means  of  harvest  (Rugolo  et  al..  this 
volume).  The  mechanisms  responsible  for  the  lack  of  proportion- 
ality between  F  and  /  have  not  previously  been  examined  for  the 
Chesapeake  Bay  blue  crab  fisheries.  Varying  catchability  for  sev- 
eral finfish  species  has  been  attributed  to  changes  in  stock  avail- 
ability, gear  selectivity,  gear  saturation,  and  changes  in  stock  abun- 
dance (Pope  and  Garrod  1975).  If  q  for  blue  crabs  declined  as 
commercial  fishing  effort  increased,  we  hypothesized  that  gear 
saturation  was  the  principal  cause,  because  the  alternatives  were 
either  unreasonable  or  counterindicated  by  this  assessment.  The 
use  of  static  gear  in  crustacean  fisheries  requires  the  target  organ- 
ism to  enter  the  gear  voluniarily,  which  is  in  contrast  to  the  capture 
strategy  of  such  mobile  gear  fisheries  as  trawls  or  purse  seines. 

We  examined  the  hypothesis  of  gear  saturation  in  the  Chesa- 
peake Bay  blue  crab  fishery  and  its  effects  on  catchability  and 


fishing  mortality.  Nominal  fishing  effort  and  estimates  of  historic 
fishing  mortality  rates  were  subject  to  the  analysis.  Annual  catch- 
ability coefficients  (q)  were  estimated  as  the  ratio  of  fishing  mor- 
tality to  effort: 

q  =  F//  (9) 

To  test  the  hypothesis  that  (/  is  inversely  related  to  nominal  fishing 
effort  (/■).  the  value  of  </  was  related  to/by  a  log-log  regression  as; 

log(F//)  =  loga-h  B  log(/)  (10) 

In  the  absence  of  independent  estimates  of  catchability.  Eq.  (10) 
has  clear  statistical  problems,  because  fishing  effort  is  contained  in 
both  sides  of  the  equality.  For  this  reason,  we  further  examined  the 
hypothesis  of  nonconstant  (/  by  a  simple  linear  regression  between 
fishing  mortality  (F)  and  effort  (/)  by: 

F  =  a  +  bf  (11) 

If  the  catchability  coefficient  iq)  is  constant,  the  slope  (b)  of 
Eq.  (II)  would  be  significantly  greater  than  zero  based  on  a  paired 
Mest  at  n-2  degrees  of  freedom.  This  outcome  would  indicate  that 
fishing  mortality  changes  proportionally  with  effort  at  the  rate  q. 
Conversely,  if  gear  saturation  is  operative,  the  slope  (b)  should 
either  not  differ  significantly  (p  <  .05)  from  zero  or  should  differ 
from  zero  in  a  negative  direction.  Either  of  these  two  latter  out- 
comes would  indicate  that  fishing  mortality  is  not  proportional  to 
effort  as  specified  in  Eq.  (9)  over  the  range  of  effort  values  ex- 
amined. 

Rugolo  et  al.  ( 1997)  also  test  the  hypothesis  of  nonproportion- 
ality  between  F  and  /  resulting  from  gear  saturation  in  the  New 
England  American  lobster  (Honwnis  americanus  Milne-Edwards) 
fisheries.  This  fishery  has  undergone  similar  historical  rises  in 
directed  fishing  effort  and  a  nonproportional  rise  in  fishing  mor- 
tality. The  results  of  the  log-log  regression  analysis  of  catchability 
(F//)  and  effort  (/)  in  which  q  is  derived  from  the  ratio  of  length- 
based  Fs  to  nominal  effort,  are  presented  in  Figures  34  and  35. 
Results  of  the  linear  regression  analysis  of  F  on  /  using  length- 
based  Fs  and  nominal  effort  are  presented  in  Figures  36  to  38. 


RESULTS  AND  DISCUSSION 


Adult  Stock 


To  gain  insight  into  and  to  gauge  the  status  of  the  adult  stock, 
fisheries-independent  time  series  data  on  relative  blue  crab  abun- 


~   0  012- 


50  100  150  200  250  300  350  400  450  500  550  600  650  700  750  800 

NOMINAL  EFFORT  (10'^3) 

Figure  34.  Observed  log-log  regression  of  fishery  catchability  [q)  and 
total  baywide  nominal  fishing  effort  for  1956  to  1995.  Catchability  was 
estimated  from  the  ratio  of  VIMS  trawl  survey  length-based  estimates 
of  instantaneous  fishing  mortality  (F)  and  nominal  effort  if). 
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Figure  35.  Observed  log-log  regression  of  fishery  catchability  iq)  and 
total  baywide  nominal  fishing  effort  for  1%8  to  1995.  Catchability  was 
estimated  from  the  ratio  of  Calvert  Cliffs  pot  survey  length-based 
estimates  of  instantaneous  fishing  mortality  (F)  and  nominal  effort  If). 
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Figure  37.  Observed  linear  regression  of  instantaneous  fishing  mor- 
tality (Fl  and  total  baywide  nominal  fishing  effort  (/'I  for  1977  to  1995. 
Fishing  mortality  rate  (F)  was  derived  from  the  MDNR  trawl  survey 
length-based  estimates  of  instantaneous  total  mortality  (Z). 


dance  were  compiled.  Inspection  of  these  data  provided  an  initial, 
first-order  approximation  of  the  current  status  of  the  adult  'tock 
and  evidence  of  the  change  in  that  status  over  the  last  four  decades. 
These  abundance  data  demonstrated  inherent  internal  variability 
over  the  long  term  and  suggested  that  the  baywide  adult  blue  crab 
stock  is  at  long-term  average  levels  of  abundance  measured  since 
1956. 

The  total  age  \+  index  of  relative  abundance  from  the  baywide 
winter  dredge  survey  (1990  to  1996.  Fig.  1)  averaged  approxi- 
mately 5.5  crabs/1.000  m~  for  sexes  combined  with  a  standard 
error  of  the  mean  (se)  =  1.1.  Age  \+  CPUE  in  this  survey  ranged 
from  a  low  of  3.7  in  1995  to  a  high  of  8.8  in  1991.  The.se  data 
revealed  a  slightly  declining  trend  in  age  1+  abundance  since  1990; 
however,  this  trend  was  not  dramatic  when  viewed  in  the  long 
tenn.  The  1996  age  \+  index  of  4.9  (sexes  combined)  was  not 
significantly  less  than  the  7  y  average  of  5.5  (p  <  .05).  Pronounced 
differences  between  age  l-l-  male  and  female  relative  abundance 
were  not  shown  by  these  data.  The  trend  in  age  2+  relative  stock 
abundance  for  sexes  combined  revealed  similar  results  (Fig.  2). 
From  1990  to  1996.  the  average  age  2+  abundance  for  male  and 


female  combined  was  approximately  3.0  crabs/1,000  m',  ranging 
from  a  low  of  1 .4  in  1995  to  a  high  of  5.3  in  1991.  The  1996  index 
of  3.0  was  at  the  long-term  average. 

The  MDNR  blue  crab  trawl  survey  provided  regional  indices  of 
relative  abundance  for  crabs  age  0  and  older.  Derivation  of  an 
internally  consistent  measure  of  CPUE  from  this  survey  was  prob- 
lematic, because  some  systems  and  or  months  were  not  sampled  in 
many  years.  Relative  abundance  of  male  and  female  age  1+  blue 
crabs  revealed  widely  fluctuating  levels  during  1977  to  1995  (Fig. 
3).  Age  \+  CPUE  (mean  number/tow)  from  this  survey  steadily 
declined  from  1984  with  the  1995  value  for  male  (3.7)  and  female 
(3.7)  crabs  below  the  respective  long-term  averages  since  1977 
(7.0,  se  =  0.9  for  males,  and  8.4,  se  =  1.0  for  females).  Results 
of  this  survey  suggested  that  the  decade  of  1980  was  a  period  of 
relatively  high  blue  crab  abundance,  which  was  preceded  and  fol- 
lowed by  lower  age  l-i-  abundance.  The  average  male  (8.1.  se  = 
1.0)  and  female  (5.7,  se  =  0.7)  relative  abundance  from  1990  to 
1995  did  not  differ  significantly  from  the  respective  means  during 
1977  to  1995. 
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Figure  36.  Observed  linear  regression  of  instantaneous  fishing  mor- 
tality (F)  and  total  baywide  nominal  fishing  effort  {ft  for  1956  to  1995. 
Fishing  mortality  rate  (F)  was  derived  from  the  VIM.S  trawl  survey 
length-based  estimates  of  instantaneous  total  mortality  (/). 
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Figure  38.  Observed  linear  regression  of  instantaneous  fishing  mor- 
tality (F»  and  total  baywide  n<miinal  fishing  effort  If)  for  1968  to  1995. 
Fishing  mortality  rate  (F)  was  derived  from  the  Calvert  Cliffs  pot 
survey  length-based  estimates  of  instantaneous  total  mortality  (Z). 
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During  I'XiiS  to  1^43,  llic  VIMS  irawl  survey  corrccled  uidc\  ol 
relative  age  1+  abundance  (sexes  combined)  averaged  5.4  (se  = 
0.8)  and  ranged  from  a  low  of  0.4  in  1975  to  a  high  of  17.6  in  1990 
(Fig.  4).  Both  the  1990  age  1+  index  (5.5)  and  the  1990  to  1995 
average  abundance  (6.8.  se  =  2.3)  lie  within  the  959r  confidence 
limits  (5.4-8.9)  on  the  1977  to  1995  mean.  Inspection  of  trends 
from  this  sur\ey  also  suggest  that  the  decade  of  1980  was  a  period 
of  sustained  above  average  levels  of  age  1+  blue  crab  abundance. 

The  trends  in  age  1+  male  and  female  blue  crab  abundance 
measured  by  the  Calvert  Cliffs  peeler  pot  survey  revealed  similar 
patterns  of  abundance  to  those  of  other  fishery-independent  sur- 
veys (Fig.  5).  Relative  male  and  female  age  l-i-  CPUE  (mean 
number/pot)  averaged  2.9  (se  =  0.3)  and  3.1  (se  =  0.4)  respec- 
tively from  1968  to  1995,  ranging  from  a  low  of  0.6  (1968)  for 
males  and  0.3  (1968)  for  females,  to  a  high  of  8.6  in  1481  for  males 
and  10.4  in  1981  for  females.  The  1995  male  (1.9)  and  female  ( 1 .6) 
age  1-1-  abundance  were  below  the  respective  lower  95%  confi- 
dence limit  (2.3  for  males  and  2.4  for  females)  on  the  long-term 
means  from  1968  to  1995.  This  survey  similarly  showed  that  the 
1980s  was  a  period  of  above  average  abundance  for  both  male  and 
female  age  l-i-  crabs.  Abbe  and  Stags  (1996)  and  Rugolo  et  al. 
( 1997)  found  that  the  trend  in  relative  blue  crab  abundance  from 
the  Calvert  Cliffs  survey  and  the  Maryland  blue  crab  commercial 
harvest  were  highly  correlated.  During  1968  to  1995.  the  Calvert 
Cliffs  age  l-i-  abundance  index  (sexes  combined)  was  correlated 
with  the  Maryland  pot  and  Maryland  total  harvest  (r"  =  0.72  and 
0.70,  respectively,  p  <  .0001 ),  and  with  the  Maryland  pot  CPUE  (r' 
=  0.88,  p  <  .0001)  (Rugolo  et  al.,  this  volume).  The  change  in 
relative  abundance  in  the  exploitable  stock  measured  by  this  sur- 
vey was  found  to  account  for  the  majority  of  the  change  in  Mary- 
land commercial  yield  between  1968  to  1980  and  1981  to  1995 
(Rugolo  et  al.  1997). 

The  historic  Smith  Island  scrape  study  (1948  to  1972;  Fig.  6) 
and  the  Calvert  Cliffs  peeler  pot  survey  (1968  to  1995;  Fig.  5) 
provided  consistent  sampling  of  age  O-i-  and  age  l-i-  blue  crabs 
respectively.  For  the  5  years  in  which  both  surveys  were  conducted 
(1968  to  1972),  the  respective  indices  of  blue  crab  relative  abun- 
dance were  found  to  be  highly  correlated,  and  the  trend  in  age  1 
CPUE  from  the  Smith  Island  study  was  generally  representative  of 
the  pattern  of  commercial  blue  crab  harvest  in  these  years  (Rugolo 
et  al.  1997).  Based  on  reported  harvest,  relatively  low  stock  abun- 
dance was  suggested  during  1951  to  1960.  Exploitable  stock 
abundance  increased  steadily  from  1964  to  1995  with  the  notable 
exception  of  1968  (Fig.  6).  When  all  sources  of  data  are  consid- 
ered, such  as  reported  commercial  harvest  and  the  Calvert  Cliffs 
and  Smith  Island  surveys,  1968  represented  the  lowest  recorded 
blue  crab  stock  abundance  in  Maryland  since  1945.  Based  on  the 
strong  concordance  in  the  Calvert  Cliffs  age  I -I-  and  Smith  Island 
age  I  indices  during  1968  to  1972  (r^  =  0.96),  we  developed  an 
approximate  50  y  time  series  of  relative  abundance  by  merging 
age-specific  indices  according  to  the  derived  functional  relation- 
ship CC,,  =  8.97"^  X  SI,'-"  (Rugolo  et  al.  1997).  In  this  ap- 
proach, we  chose  to  express  the  historical  Smith  Island  age  1  index 
in  the  currency  of  Calvert  Cliffs  age  I -I-  abundance,  because  the 
latter  study  is  on-going,  and  these  age  groupings  were  most  rep- 
resentatively sampled  by  the  respective  surveys.  The  combined 
Smith  Island  and  Calvert  Cliffs  survey  data  revealed  higher  rela- 
tive adult  stock  abundance  during  the  period  1981  to  1995  than 
during  1948  to  1980  (Fig.  7).  The  extended  data  series  suggested 
that  the  periods  between   1951  to  1960  and  1968  to  1980  were 


years  in  which  blue  crab  abundance  was  below  the  long-term 
average  from  1948  to  1995. 

Estimated  bay  wide  hard  crab  population  abundance  (Fig.  8) 
from  1956  to  1995  varied  widely,  with  the  decade  of  1980  seen  as 
a  relatively  above  average  period.  From  1956  to  1995,  the  mean 
population  abundance  was  approximately  385  x  10''  hard  crabs  (se 
=  17.3  X  10").  The  1995  estimate  of  399  x  lO*"  crabs  was  above 
the  1956  to  1995  mean,  although  within  its  95%  confidence  limits. 
Considering  the  inherent  interannual  variability  expected  from  a 
species  such  as  blue  crabs,  and  variability  in  the  sampling  pro- 
grams, there  is  concordance  in  the  trends  of  relative  stock  abun- 
dance measured  by  the  five  fishery-independent  surveys.  These 
time  series  data  indicate  that  the  Chesapeake  Bay  adult  blue  crab 
stock  is  at  long-term  average  levels  of  abundance  measured  during 
1956  to  1995.  Trends  in  relative  stock  abundance  do  not  reveal  a 
contemporary  stock  demise,  as  anecdotal  information  suggested, 
or  a  systematic  long-term  decline  in  abundance.  The  decade  of  the 
1 980s  was  consistently  a  period  of  above  average  stock  abundance, 
which  was  followed  by  a  return  to  long-term  average  levels.  Using 
the  derived  annual  exploitation  rate  estimates,  the  number  of  blue 
crabs  in  the  adult  baywide  population  is  at  or  slightly  above  the 
long-term  mean  estimated  since  1956. 

Juvenile  Reeruitmeiit 

Among  the  fishery-independent  surveys  examined  in  this  phase 
of  the  analysis,  the  baywide  winter  dredge  survey  and  the  Smith 
Island  scrape  study  for  age  0,  and  the  Calvert  Cliffs  peeler  pot 
survey  for  age  1  were  considered  to  provide  representative  mea- 
sures of  relative  juvenile  abundance.  The  baywide  winter  dredge 
survey  provides  the  broadest  geographic  coverage.  Limited  geo- 
graphic coverage  is  not  necessarily  fatal  for  the  purpose  of  inter- 
annual comparisons  of  trends  if  the  survey  sampling  protocol  is 
internally  consistent  among  years  and  if  the  survey  takes  a  repre- 
sentative sample  of  the  available  stock  each  year.  The  MDNR 
trawl  survey  age  0  relative  abundance  index  is  potentially  less 
reliable  than  that  from  the  other  surveys  because  of  the  temporal/ 
spatial  sampling  problems  noted,  and  age  0  crabs  are  not  fully 
recruited  to  the  gear. 

Results  from  the  baywide  winter  dredge  survey  revealed  that 
the  1996  age  0  abundance  index  of  12.0  was  the  highest  on  record 
for  sexes  combined  and  nearly  twice  that  of  the  next  highest  year 
(1990)  at  6.0  crabs/1,000  nr  (Fig.  9).  During  1990  to  1996,  juve- 
nile blue  crab  recruitment  from  this  survey  has  been  relatively 
constant.  Juvenile  recruitment  measured  by  the  MDNR  trawl  sur- 
vey (Fig.  10)  demonstrated  widely  varying  levels  of  year  class 
strength  between  1977  to  1995.  The  relative  abundance  of  male 
and  female  age  0  crabs  showed  a  generally  increasing  trend  from 
1987  to  1993  although  the  1995  index  was  one  of  the  lowest  on 
record.  Average  (1977  to  1995)  male  and  female  mean  number/ 
tow  were  2.8  (se  =  0.5)  and  3.4  (se  =  0.6),  respectively.  Two 
periods  of  average  to  above-average  juvenile  abundance  were 
seen,  the  first  in  the  mid-1980s  and  the  second  during  the  late 
1980s  to  early  1990s.  During  1968  to  1995,  the  VIMS  corrected 
age  0  blue  crab  abundance  index  for  sexes  combined  varied  with- 
out trend  and  ranged  from  a  low  of  0.5  in  1974  to  a  high  of  18.1 
in  1990  (Fig.  11).  Long-term  (1968  to  1995)  average  0  group 
relative  abundance  was  5.6  (se  =  0.8).  Although  the  1995  index  of 
4.5  was  approximately  20%  below  the  mean,  it  was  approximately 
15%  above  average  1968  to  1979  recruitment  of  3.9  (se  =  I.O)  and 
within  the  957f  confidence  limits  (4.0-7.2)  on  mean  1968  to  1995 
recruitment. 
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Juvenile  blue  crab  recruitment  (age  1 )  measured  by  the  Calveil 
Cliffs  peeler  pot  survey  in  1968  to  1995  was  fairly  consistent 
throughout  the  time  series,  with  a  period  of  high  abundance  in  the 
mid-1980s  (Fig.  12).  Relative  male  and  female  age  1  mean  num- 
ber/pot averaged  0.7  (se  =  0.1 )  and  0.4  (se  =  0.1).  respectively, 
from  1968  to  1995  and  ranged  from  a  low  of  0.07  ( 1968)  for  males 
and  0.02  (1968)  for  females  to  a  high  of  2.9  in  1981  for  males  and 
1.6  in  1981  for  females.  These  data  suggested  a  slightly  increasing 
trend  in  male  and  female  recruitment  to  the  stock,  with  the  1995 
male  (0.9)  and  female  (0.4)  relative  abundances  at  20.5%  above 
and  18.6%  below  the  respective  long-term  means.  Relative  abun- 
dance of  age  0  blue  crabs  for  sexes  combined  measured  by  the 
Smith  Island  scrape  study  varied  without  trend  during  the  25-y 
period  (Fig.  6).  Juvenile  recruitment  peaked  in  1950  and  declined 
to  relatively  constant  levels  thereafter,  with  the  exception  of  1968. 
As  shown  in  the  Calvert  Cliffs  survey,  1968  represented  the  lowest 
juvenile  abundance  recorded  in  Maryland  since  1948.  Estimates  of 
absolute  peeler/soft  crab  abundance  varied  without  trend  during 
1956  to  1995  and  suggested  that  1995  recruitment  (39.2  x  10" 
crabs)  was  above  the  long-term  mean  of  35.8  x  10''  crabs  (se  =  2.7 
X  10'')  (Fig.  8).  Caution  is  urged  in  interpreting  these  results  in  that 
the  baywide  peeler/soft  crab  harvest,  upon  which  these  estimates 
are  derived,  is  not  as  well  reported  as  hard  crab  harvest.  If  internal 
biases  in  these  data  are  random  and  not  systematic  or  directional, 
these  stock  size  estimates  can  provide  a  basis  for  interannual  com- 
parisons. 

Overall,  the  historic  juvenile  recruitment  signal  was  noisy  in 
the  long-term,  as  expected,  considering  the  unique  population  dy- 
namics of  the  species  and  the  role  of  density-independent  effects 
on  recruitment  success.  Current  production  of  new  individuals  and 
their  recruitment  to  the  stock  can  be  considered  to  be  at  long-term 
average  levels  for  the  last  four  decades.  Trends  in  these  data  do  not 
provide  compelling  evidence  of  a  failure  in  juvenile  recruitment, 
which  was  suggested  prior  to  initiating  this  research. 

Fishery  Yield  and  Catch  per  Unit  Effort 

Historic  commercial  time  series  data  from  the  principal  bay- 
wide  fisheries  were  examined  in  this  phase  of  the  study.  Based  on 
recent  time  series  of  harvest  and  effort  data,  Maryland  pot  and 
trotline  CPUE  has  remained  fairly  stable  over  the  14-y  time  period 
(1982  to  1995).  and  no  evidence  of  a  decline  in  performance  of 
these  fisheries  was  observed  (Fig.  16).  Mean  CPUE  (kg/pot/ 
month)  for  the  pot  fishery  increased  from  12.9-19.6  from  1982  to 
1985  and  declined  to  10.2  in  1994.  Trotline  CPUE  (mean  kg/ 
trotline-h/mo)  increased  between  1982  to  1985  from  10.2-17.1  and 
remained  fairly  constant  thereafter.  The  total  yield  of  Chesapeake 
Baywide  commercial  fisheries  has  varied  without  trend  since  1945 
(Fig.  14).  Baywide  harvest  since  1945  seemed  to  cycle  around  the 
long-term  mean,  with  peaks  in  1950,  1966,  1981.  and  1993  and 
troughs  in  the  mid  to  late  1950s  and  late  1970s  to  early  1980s. 
Baywide  data  froin  1945  to  1995  suggest  an  approximate  fivefold 
increase  in  total  nominal  directed  effort  (Fig.  13).  The  fact  that 
baywide  harvest  has  remained  relatively  .stable  since  1945.  coupled 
with  a  dramatic  rise  in  fishing  effort,  was  reflected  in  decreasing 
CPUE  in  the  baywide  fishery  (Fig.  15).  Baywide  commercial 
CPUE  declined  rapidly  from  1947  to  1967  and  has  been  slightly 
noisy  and  without  trend  since  the  late  1960s.  These  data  indicate 
that  the  Chesapeake  Bay  blue  crab  fishery  experienced  hyper- 
depletion  in  which  relatively  constant  harvest  is  obtained  despite 
increasing  levels  of  directed  effort  (Rugolo  et  al.  1997).  In  ihcir 


study,  Rugolo  et  al.  (1997)  examined  hyperdepletion  in  the  fish- 
eries for  C.  sapidiis  and  H.  ainericiiiuis.  We  provide  here  evidence 
that  coincident  with  the  rise  in  fishing  effort  for  the  baywide  fish- 
ery, there  was  a  decline  in  q  because  of  gear  saturation. 

From  1981  to  1995,  the  Maryland  commercial  harvest  data 
(Table  2)  suggested  a  period  of  increased  yield.  The  baywide 
commercial  landings  (Fig.  14)  also  revealed  increased  yield  com- 
mencing in  the  decade  of  1980;  although  their  magnitude  was  not 
excessive  when  viewed  in  the  long-term  context,  especially  com- 
pared to  the  yields  of  the  mid- 1 960s.  Cursory  examination  of  these 
harvest  data  suggested  that  the  increase  in  yield  in  the  1980s  was 
an  artifact  of  a  coincident  reporting  system  change  in  Maryland  in 
1981.  Rugolo  et  al.  (this  volume)  provided  evidence  that  the  in- 
crease in  yield  to  the  Maryland  fisheries  after  1 980  resulted  from 
an  increase  in  underlying  stock  abundance.  They  examined  two 
measures  of  blue  crab  abundance  that  were  independent  of  the 
Maryland  harvest  data  or  the  reporting  system  change;  namely,  the 
Calvert  Cliffs  age  l-i-  stock  abundance  index  and  the  Potomac 
River  harvest  and  effort  time  series  data.  Commercial  blue  crab 
harvest  from  the  Potomac  River  (Fig.  17)  demonstrated  increases 
in  yield  after  1980  analogous  to  those  seen  in  Maryland  landings 
without  a  change  in  the  Potomac  River  reporting  system.  The  mean 
percentage  change  in  the  Potoinac  River  blue  crab  harvest  pre- 
1981  versus  1981  and  later  accounted  for  all  the  percentage  change 
in  the  Maryland  reported  harvest  between  these  periods  (Rugolo  et 
al.,  this  volume).  Second,  the  change  in  relative  abundance  in  the 
exploitable  stock  (127-1-  mm)  measured  by  the  Calvert  Cliffs  pot 
survey  accounted  for  96%  of  the  percentage  change  in  Maryland 
commercial  yield  before  and  after  the  change  in  reporting  system. 
The  trends  in  abundance  between  the  Calvert  Cliffs  survey  data 
and  the  Maryland  commercial  harvest  have  been  shown  to  be 
highly  correlated  (Abbe  and  Stagg  1996.  Rugolo  et  al.  1997, 
Rugolo  et  al.,  this  volume),  and  it  seems  that  these  data  are  inter- 
nally consistent.  The  relative  abundance  of  age  l-i-  blue  crabs 
measured  by  the  MDNR  trawl  survey  (Fig.  3)  and  the  VIMS  trawl 
survey  (Fig.  4)  also  suggested  increased  abundance  in  the  exploit- 
able stock  in  the  1980s.  These  measures  of  blue  crab  stock  abun- 
dance, which  were  independent  of  the  Maryland  harvest  data,  pro- 
vided clear  and  compelling  evidence  that  the  increase  in  yield  to 
the  Maryland  fisheries  after  1980  resulted  from  an  increase  in  the 
underlying  abundance  of  the  stock  targeted  by  the  fisheries  at  a 
near  constant  rate  of  exploitation. 

Surplus  Production 

Schaefer  (1954)  and  Fox  (1970)  surplus  production  models 
were  fit  to  commercial  blue  crab  harvest  and  total  directed  nominal 
effort  data  (Table  2)  for  the  purpose  of  estimating  maximum  sus- 
tainable yield  (MSY)  for  the  baywide  commercial  fisheries.  Nomi- 
nal baywide  directed  effort  showed  a  general  upward  trend,  re- 
flecting increased  interest  in  the  blue  crab  fishery  during  the  last  50 
y  (Fig.  13).  Changes  in  reporting  methods  and  difficulties  posed  by 
the  absence  of  gear-specific  efficiency  measures  increase  the  un- 
certainty in  these  effort  data;  however,  they  are  consistently  de- 
rived and  are  believed  to  reflect  the  general  trends  in  the  fishery  over 
time.  Estimates  of  equilibrium  yield  derived  from  the  Schaefer  and 
Fox  surplus  production  models  were  similar.  Estimated  MSY  froin 
the  Schaefer  model  was  38.5  x  10"  kg  (B^q  =  0.67,  B.,q/k  =  5.7  x 
10^,  r^  =  0.02)  while  that  from  the  Fox  model  was  37.2  x  10"  kg 
(B,q  =  0.88,  q  =  8.2  X  10-',  K  =  4.6  x  lO'.  r"  =  0.17)  (Fig.  18. 
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19).  These  MSY  results  were  somevvlial  higher  ihan  Tang's  ( 1983) 
estimate,  reflecting  increases  in  harvest  and  effort  in  the  bayw  ide 
commercial  fisheries  since  his  work  was  completed. 

Both  surplus  production  model  fits  were  poor,  in  part  because 
historical  fishing  effort  has  not  sufficiently  eroded  stock  biomass. 
an  outcome  requisite  to  good  tit  to  these  model  forms.  These 
results  provided  some  insight,  nonetheless,  into  the  dynamics  of 
the  commercial  fisheries  and  suggested  that  baywide  commercial 
MSY  is  37-3S.5  x  10"  kg.  These  values  of  commercial  yield  were 
approximated  or  exceeded  in  the  mid-1960s  and  largely  exceeded 
after  1980.  The  1995  baywide  commercial  yield  of  33.5  x  10"  kg 
was  slightly  below  equilibrium  yield. 

Stock-Recruitment 

We  fit  the  Ricker  ( 1954)  stock-recruitment  model  to  six  adult 
stock  and  seven  recruit  metrics  for  Chesapeake  Bay  blue  crab. 
Results  of  this  analysis  demonstrated  weak  or  no  relationships 
between  adult  stock  and  subsequent  recruitment.  The  various  S-R 
models  revealed  low  reliability  of  fit  and  questionable  utility  for 
predicting  recruitment  success  at  specified  levels  of  spawning 
stock  biomass.  The  two  best  model  fits  resulted  from  the  combi- 
nation of  the  VIMS  trawl  survey  female  spawning  stock  index 
(>130  mm  CW)  in  year  t  versus  the  VIMS  survey  age  0  index  in 
year  t  -l-  1  (r^  =  0.27)  (Fig.  20)  and  the  MDNR  trawl  survey  age 
0  index  in  year  t  -l-  I  (r~  =  0.21)  (Fig.  21).  Examination  of  the 
VIMS  and  MDNR  trawl  survey  indices  of  abundance  revealed 
higher  correlations  among  age  classes  within  year  than  for  a  year 
class  between  years  (Rugolo  et  al.  1997).  Thus,  resulting  indices  of 
abundance  from  these  surveys  in  any  year  might  be  influenced  by 
availability  to  the  gear  as  well  as  by  the  underlying  abundance  of 
the  stock.  Density-independent  effects  with  potential  influence  on 
blue  crab  recruitment  success  were  examined  for  their  contribution 
to  model  variability.  A  method  described  in  Tang  (1985)  was  used 
to  incorporate  environmental  measures  that  correlate  with  recruit- 
ment into  the  Ricker  S-R  model.  We  examined  measures  of  bot- 
tom water  temperature,  salinity  and  dissolved  oxygen,  and  cumu- 
lative river  flow  from  the  Susquehanna  River  through  the  mouth  of 
the  Chesapeake  Bay.  Tang  ( 1 985 )  was  able  to  improve  the  fit  of  his 
model  of  winter  dredge  fishery  landings  in  year  t  (stock)  against 
Virginia  commercial  landings  in  year  t  -i-  1  (recruits)  from  r"  = 
0.34  to  0.69  by  incorporating  radiant  energy,  stream  flow,  and 
minimum  and  average  water  temperatures.  We  found  that  the  en- 
vironmental factors  that  correlated  with  the  two  recruit  metrics 
were  not  significantly  correlated  with  the  density-independent  pa- 
rameter (a)  of  the  Ricker  model  through  multiple  regression  analy- 
sis (VIMS  age  Os,  p  =  0.7:  MDNR  age  Os.  p  =  0.8).  We  are 
further  analyzing  density-independent  effects  that  we  consider  to 
be  more  influential  on  blue  crab  early  life  history  survival  or 
recruitment  to  the  stock.  These  effects  include  wind  vectors  that 
govern  blue  crab  larval  transport,  radiant  energy  that  may  increase 
productivity,  and  therefore  minimize  the  match-mismatch  between 
larval/juvenile  crabs  and  their  prey,  and  surface  temperature  that 
should  influence  early  life  stages  more  than  bottom  conditions. 

Exploitation  Rates 

We  developed  a  measure  of  relative  exploitation  rate  (fi-n,.,  ) 
and  estimated  absolute  exploitation  rate  (ij-abs)  o"  'he  peeler/soft 
crab  and  hard  crab  components  of  the  stock.  Relative  exploitation 
rate  provided  a  means  for  assessing  the  time  series  trend  in  ex- 
ploitation, while  absolute  exploitation  rate  is  the  fraction  of  the 


stock  removed  by  the  fishery  each  year.  Relative  exploitation  rate 
jxrj:[  ,  calculated  using  the  Calvert  Cliffs  age  l-i-  and  age  2-i-  indices 
as  measures  of  stock  bioirass,  varied  without  trend  since  1968 
(Fig.  22).  These  results  suggested  that  exploitation  decreased 
slightly  from  the  late  1960s  through  the  mid-1980s.  Subsequently, 
M-REL  increased,  but  not  to  unprecedented  levels;  higher  IjLrei  oc- 
curred in  1970  and  1987.  Relative  exploitation  rate  based  on  the 
VIMS  trawl  survey  age  I -I-  and  age  2-i-  abundance  indices  did  not 
seem  to  have  changed  significantly  during  1968  to  1995  (Fig.  23). 
The  1968  and  1974  (age  \  +  )  and  the  1975  (age  2+)  [JLrel  values 
were  comparatively  high,  which  artificially  dampened  variability 
in  (J.RE1  •n  ihe  remaining  years.  These  data  suggested  that  a  slight 
rise  in  (Xrel  occurred  in  1993  to  1994;  in  1995  exploitation  re- 
turned to  previous  levels.  Using  the  MDNR  commercial  harvest 
and  the  Calvert  Cliffs  age  l-i-  and  age  2+  CPUE  data,  ixr^l  'n  the 
Maryland  fisheries  seemed  to  have  risen  since  the  mid-1980s,  as 
compared  to  the  1970s  (Fig.  24).  Relative  exploitation  was  slightly 
higher  in  recent  years  followed  by  a  decline  in  1995.  We  recognize 
that  [J-REL  based  on  an  index  of  exploitable  stock  biomass  might  be 
less  robust  than  the  direct  enumeration  of  fishing  mortality  rates. 
Although  simplistic,  this  analysis  provided  no  definitive  evidence 
of  an  unprecedented  rise  in  exploitation  rate  on  the  Chesapeake 
Bay  blue  crab  stock  in  recent  years. 

Absolute  exploitation  rates  were  estimated  on  the  peeler/soft 
crab  and  hard  crab  components  of  the  stock  for  years  1956  to  1995 
using  the  length-based  estimates  of  total  mortality  (Z)  and  the 
partial  recruitment  of  each  stock  component  to  the  fully  recruited 
rate  of  fishing  mortality  (F)  (Table  4).  For  the  peeler/soft  crab 
stock  (primarily  age  1  crabs),  p-^es  ranged  from  a  low  of  0.33  in 
1980  to  a  high  of  0.50  in  1973  based  on  the  VIMS  survey  (1956 
to  1995)  (Fig.  25).  Mean  (jl.^bs  for  these  data  was  0.42  (se  = 
0.006).  Using  the  Calven  Cliffs  survey  data  (1968  to  1995),  p-^es 
on  this  stock  component  ranged  from  0.27  ( 1968)  to  0.48  ( 1994), 
with  a  mean  ij-^bs  =  0.38  (se  =  0.01)  (Fig.  25).  Annual  exploi- 
tation rates  on  the  baywide  peeler/soft  crab  stock  were  noisy  over 
the  long-term.,  with  the  majority  of  p-^es  values  falling  between 
0.35-0.45.  No  marked  increase  in  p.,\B.s  was  evident  in  these  data, 
which  would  indicate  over  exploitation  of  the  stock.  Current  ij-abs 
was  below  the  threshold  exploitation  rate  of  0.46  for  the  peeler/soft 
crab. 

For  the  hard  crab  stock  (primarily  age  2+).  p-^bs  ranged  from 
a  low  of  0.41  in  1980  to  a  high  of  0.59  in  1973  based  on  the  VIMS 
survey  (Fig.  26).  Mean  p-abs  for  these  years  was  0.51  (se  = 
0.007).  Using  the  Calvert  Cliffs  survey  data,  exploitation  rates  on 
the  hard  crab  stock  ranged  between  0.34  (1968)  and  0.58  (1994). 
with  a  mean  p..\Bs  =  0.47  (se  =  0.01 )  (Fig.  26).  The  annual  rate 
of  exploitation  experienced  by  the  hard  crab  stock  was  similarly 
noisy  in  the  long  term,  with  the  majority  of  values  falling  between 
0.40-0.50.  As  seen  for  the  peeler/soft  crab  stock,  p-^bs  increased 
slightly  between  1991  to  1994  and  declined  in  1995  toward  aver- 
age levels.  No  recent  increase  in  |ji,\bs  'hat  would  indicate  over- 
exploitation  of  the  hard  crab  stock  was  observed.  Both  current  and 
historical  p-^bs  f'l"  be'ow  the  threshold  p-abs  of  0.61  for  the  hard 
crab  stock. 

Total  and  Fishing  Mortality  Rates 

Instantaneous  rates  of  total  (Z)  and  fishing  monality  (F)  were 
estimated  for  years  1956  to  1995  using  length-based  analysis 
(Table  4).  The  time  series  Z  estimates  from  the  Calvert  Cliffs. 
VIMS,  and  MDNR  fishery-independent  surveys  demonstrated  no 
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significant  increasing  trends  since  1956.  which  would  imply  a 
recent  increase  in  fishing  mortality  on  the  stock  (Fig.  27,  28). 
Within  the  range  of  variability  in  the  Calvert  Cliffs  and  baywide 
winter  dredge  survey  estimates  of  Z.  marginal  increases  in  total 
mortality  were  observed  for  1990  to  1994.  followed  by  a  decline  in 
1995.  Using  Calvert  Cliffs  research  survey  data,  the  time  series  of 
total  mortality  was  observed  to  be  slightly  noisy  and  cyclic  from 
1968  to  1995.  All  estimates  of  Z  were  less  than  1.50;  no  increasing 
trend  in  total  mortality  was  observed.  Based  on  the  baywide  winter 
dredge  survey  data,  a  slight  increasing  trend  in  Z  was  detected 
from  1992  to  1995,  followed  by  a  decline  to  more  average  levels 
in  1996.  All  winter  dredge  survey-based  estimates  of  Z  were  less 
than  1 .40.  For  the  VIMS  trawl  series  data,  a  slight  rise  in  Z  was 
observed  after  1991.  followed  by  a  decline  in  1995  to  average 
levels.  The  recent  highest  Z  from  these  data  was  in  1994  at  1.49. 
with  one  year  ( 1973)  higher  than  this  value  since  1956.  All  VIMS 
survey-based  estimates  of  Z  were  less  than  1.55.  Using  length  data 
from  the  MDNR  trawl  survey  (1977  to  1995).  the  resulting  time 
series  of  Z  was  essentially  flat  and  trendless.  All  estimates  of  Z 
from  this  survey  were  less  than  1 .40.  Length  frequency  data  from 
the  1987  CBL  study  showed  that  Z  was  less  than  1.20. 

Fishing  mortality  rates  derived  from  the  length-based  analysis 
demonstrated  no  significant  directional  trends  over  the  period  of 
record  ( 1956  to  1995)  (Table  4).  Any  short-term  rise  in  F  was  not 
to  unprecedented  levels  nor  would  be  considered  excessive  for  the 
stock.  On  average,  the  time  series  of  annual  fishing  mortality  rates 
was  slightly  noisy,  varying  within  a  narrow  range  in  the  long  term, 
principally  between  0.8-1.0.  Absolute  values  of  F  during  1956  to 
1995  ranged  from  0.50-1. 16.  corresponding  to  annual  exploitation 
rates  of  approximately  33  and  59%,  respectively.  All  recent  and 
current  Fs  were  less  than  the  threshold  fishing  mortality  rate  (F,,,^. ) 
deemed  appropriate  for  this  species.  No  evidence  of  overexploita- 
tion.  specifically  recruitment  overfishing,  has  occuired.  Current  F 
is  above  that  which  would  maximize  YPR. 

Life  History  Characteristics 

Longevity  for  Chesapeake  Bay  blue  crabs  was  estimated  at  8  y 
and  used  in  the  modeling  of  growth,  YPR,  and  life-table  analysis 


A  simple  life  table  was  developed  to  examine  the  impact  of  our 
finding  of  longevity  of  8  y  on  the  mean  age  and  mean  crab  size  in 
the  stock  under  virgin  conditions  (F  =  0)  and  for  varying  levels  of 
fishing  mortality  (F).  Our  aim  was  principally  to  assess  whether 
the  modeled  mean  age  and  carapace  width  of  the  stock  was  con- 
sistent with  the  current  convention  that  blue  crab  do  not  live  longer 
than  3  y.  The  mean  age  of  the  theoretical  stock,  defined  as  all  ages 
0-8.  was  estimated  under  F  =  0  and  for  levels  of  Z  =  0.8-1.5 
(Table  5:  Fig.  30).  Under  virgin  conditions,  the  expected  mean  age 
of  the  theoretical  stock  would  be  1.9  y  with  a  corresponding  mean 
CW  of  179  mm.  At  levels  of  Z  that  exist  in  the  contemporary  blue 
crab  fishery  (Z  =  1.3).  the  mean  age  of  the  theoretical  stock  would 
be  approximately  0.7  y  (87  mm  CW).  Comparison  of  these  results 
is  only  meaningful  against  empirical  data  for  which  all  sizes  are 
fully  represented.  Because  the  age  0  cohort  is  characteristically  not 
fully  sampled  by  either  the  fishery  or  research  surveys,  we  derived 
an  alternative  construct  called  the  obsen'ed  stock,  consisting  of  all 
ages  1-8  (i.e..  s=60  mm  CW).  Blue  crabs  of  this  size  are  suffi- 
ciently large  to  be  sampled  by  the  fishery  and  research  survey  gear. 
Under  virgin  conditions,  the  expected  mean  age  of  the  observed 
stock  would  be  2.8  y  with  a  corresponding  mean  size  of  21 1  mm 
CW  (Table  5:  Fig.  30).  Under  approximate  current  Z  =  1.3.  the 
expected  mean  age  of  the  stock  is  1.5  y  ( 153  mm  CW). 

This  analysis  indicated  that  at  levels  of  total  mortality  seen  in 
the  baywide  blue  crab  fishery  during  the  last  four  decades,  97.3% 
of  all  blue  crabs  in  the  observed  stock  and  98.6%  of  all  crabs  in  the 
theoretical  stock  would  be  3  y  of  age  or  less.  The  probability, 
therefore,  of  encountering  a  blue  crab  older  than  3  y  under  con- 
temporary fishing  conditions  is  exceedingly  small.  These  results 
are  consistent  with  the  view  that  blue  crabs  older  than  3  y  are 
rarely  captured  in  the  fishery  or  by  research  surveys,  notwithstand- 
ing the  fact  that  they  cannot  be  aged.  This  would  explain,  or  at 
least  allow  for  the  evolution  of  conventional  wisdom  that  blue 
crabs  do  not  live  beyond  3  years  of  age.  Our  finding  of  longevity 
of  8  y  for  the  Chesapeake  Bay  blue  crab  is  not  contradictory  to  the 
observed  age  or  size  structure  of  the  stock.  This  life  table  analysis 
sufficiently  reconciled  the  apparent  disparity  between  conven- 
tional wisdom  and  the  life-history  characteristics  adopted  in  this 
stock  assessment. 


in  Albemarle  Sound.  North  Carolina  (Fishier  1965).  and  in  the 
Chesapeake  Bay  (McConaugha  1991)  provided  clear  and  compel- 
ling evidence  that  blue  crabs  attain  an  age  of  at  least  6  y  or  7.5-8 
y,  respectively,  in  the  exploited  stock.  This  finding  sharply  con- 
trasted with  current  convention  that  blue  crabs  live  a  maximum  of 
3  y.  even  in  the  absence  of  fishing.  The  choice  of  the  theoretical 
maximum  age  of  8  y  was  risk  averse  in  terms  of  estimating  natural 
mortality  and  threshold  fishing  mortality  rates  (Rugolo  et  al. 
1997).  The  age  invariant  instantaneous  rate  of  natural  mortality 
(M)  was  0.375. 

Blue  crab  growth  in  carapace  width  at  age  was  modeled  using 
the  formulation  of  von  Bertalanffy  (1938).  The  von  Bertalanffy 
model  parameters  for  both  sexes  combined  were  CW^  =  262.5 
mm.  K  =  0.59  and  t„  =  0.0115  y  (Fig.  29).  Because  age  deter- 
mination in  blue  crabs  is  not  possible,  we  used  modal  carapace 
width  size  groups  of  0-59  mm,  60-119  mm,  and  120-79  mm  to 
bound  presumptive  ages  0,  1,  and  2,  respectively.  Carapace  widths 
at  age  3-7  were  unspecified  in  the  model;  a  point  estimate  for 
terminal  width  was  set  to  260  mm.  Because  the  fitting  procedure 
did  not  consider  the  distribution  of  width  at  age  or  width  for  ages 
3-7.  the  precision  of  the  model  fit  (r"  =  0.99)  was  artificial. 


Biological  Reference  Points 

Threshold  fishing  mortality  rates  for  the  blue  crab  were  esti- 
mated using  yield  per  recruit  and  spawning  stock  abundance  per 
recruit  analysis.  Thompson  and  Bell  (1934)  YPR  analysis  using 
life  history  parameters  deri\ed  in  this  work  provided  the  frame- 
work upon  which  to  base  a  determination  of  the  current  stock 
status  and  fishery  performance.  Biological  reference  points  asso- 
ciated with  providing  adequate  spawners  to  maintain  the  reproduc- 
tive potential  of  the  stock  and  to  prevent  recruitment  overfishing 
were  emphasized.  These  included  a  series  of  Fs,  which  resulted  in 
a  fixed  %MSP  ranging  from  5-20%,  encompassing  levels  suitable 
for  this  species.  The  threshold  value  of  F,,,,,  was  selected  for  blue 
crabs  based  on  biology  and  life  history  considerations.  This  as- 
sumption results  in  risk  averse  threshold  levels  of  F;  if  blue  crab 
life  span  is  shorter,  the  %MSP  needed  to  replenish  the  stock  is 
lower,  and  the  resulting  threshold  F  would  be  significantly  higher. 
Other  factors  were  also  considered  in  establishing  threshold  fish- 
ing mortality  rates.  The  values  of  F^^^x  ^nd  F„  ,  were  calculated 
to  provide  reference  points  associated  with  maximizing  YPR 
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rather  than  maintaining  reproductive  capacity.  These  reference 
points  are  considerably  lower  than  those  which  maintain  1 0%  of 
MSP  and  arc  generally  associated  with  dctlning  growth  overfish- 
ing. 

Data  input  to  the  't'PR  anal\sis  included  the  distributions  of 
length  and  weight  at  age.  terminal  length  and  age.  schedules  of 
maturitx  and  partial  recruitment,  and  natural  mortality  rate.  Four 
maturity  profiles  were  used  in  the  analysis.  These  ranged  from  the 
most  risk  averse  and  biologically  unrealistic  schedule  of  lifetime 
spawning  activity  (tlat-topped)  to  one  that  more  closely  reflects  the 
current  convention  (Dome-.^;  Fig.  3 1 ).  The  latter  was  the  most  risk 
prone  schedule  considered.  An  intermediate  spawning  activity 
schedule  was  selected  for  the  analysis  (Dome-2).  which  is  notably 
more  risk  averse  than  Dome-3.  although  slightly  more  risk  prone 
than  the  tlat-topped  schedule. 

Results  of  YPR  modeling  found  that  F,, ,  =  0.36  and  F^a.k  = 
0.64;  whereas,  that  which  provides  for  10%  of  MSP  (F,|,vn)  is  1.21 
(Fig.  32).  This  latter  \  alue.  corresponding  to  an  annual  exploitation 
rate  of  approximately  61%.  was  judged  to  be  a  valid  threshold 
fishing  mortality  rate  for  the  blue  crab  stock  in  comparison  to  other 
resources  with  similar  life  history  characteristics.  This  decision 
was  substantiated  by  results  of  a  spawning  stock  abundance  per 
recruit  analysis  (SSA/R)  that  estimated  a  replacement  fishing  mor- 
tality rate  (Frep)  equal  to  1.17  (Fig.  33).  Other  SSA/R  reference 
points  were  Fhigh  —  1-^6,  suggestive  of  a  level  of  fishing  which 
could  lead  to  stock  collapse  if  maintained,  and  F,  ow  ~  0.48 
which  is  similar  in  magnitude  to  F„  ,. 

The  fishinc  moiialitv  rate  (F)  in  1996  was  estimated  at  0.865 


(M-a 


0.496),  approximately  35.2%  greater  than  F^^^.x  ~  0.64. 


All  Fs  estimated  in  this  study  for  1956  to  1995  were  below  the 
threshold  value  Fk,^-,  =  1.21.  At  fishing  mortality  from  F  = 
0.9-1 .0.  the  %MSP  in  the  stock  ranged  from  16.7-14. 1  %.  For  rates 
of  F  in  excess  of  F^ax-  the  stock  is  considered  to  be  growth 
overfished.  At  current  F.  the  theoretical  YPR  is  approximately 
2.0%  less  than  that  theorized  under  F^^x-  Hence,  in  theory,  if  the 
current  fishing  mortality  rate  was  reduced  by  26%  to  F  =  0.64.  we 
could  expect  a  2%  increase  in  YPR  and  the  cessation  of  growth 
overfishing. 

In  general  terms,  growth  overfishing  is  related  to  the  removal  of 
animals  from  the  stock  at  rates  in  excess  of  that  which  would 
maximize  yield  from  each  recruit.  It  results  from  a  rate  of  fishing 
greater  than  which  the  losses  in  weight  from  total  mortality  exceed 
the  gain  in  weight  attributable  to  growth.  The  resulting  length 
frequency  of  a  growth-overfished  stock  is  less  broad  than  that 
which  would  be  observed  under  virgin  conditions.  Excessive  ex- 
ploitation rates  could  result  in  what  is  termed  juvenexcence  of  the 
stock,  characterized  by  a  severe  truncation  in  the  length  frequency 
at  lengths  above  the  minimum  legal  limit.  Other  applications  of 
this  concept  of  growth  overfishing  relate  to  the  threshold  level 
termed  F,, ,,  defined  as  the  fishing  mortality  rate  that  corresponds 
to  a  point  on  the  YPR  function  with  a  slope  of  10%  of  that  through 
the  origin.  Although  the  effect  of  tlshing  on  future  generations  of 
the  resource  is  one  of  the  considerations  behind  F,,  ,.  the  relation- 
ship is  somewhat  speculative. 

Gear  Saturation  Analysis 

A  principal  finding  of  this  research  was  that  despite  a  fivefold 
increase  in  total  directed  fishing  effort  since  1945  (Table  2:  Fig. 
13),  fishing  mortality  has  remained  relatively  constant  since  1956 
(Table  4).  A  near  constant  fraction  of  the  stock  has  been  removed 


annually  by  fishing  (Figs.  25,  26)  since  the  mid-1950s  irrespective 
of  the  levels  of  effort  applied  by  the  fishery.  This  long-term  rise  in 
effort  coupled  with  relatively  steady  harvests  (Fig.  14)  has  resulted 
in  declining  CPUE  during  the  last  four  decades  (Fig.  15). 

Assuming  constant  i/  and  stock  size  (Fig.  8).  F  would  have  been 
expected  to  rise  steadily  since  the  mid-l95()s  in  proportion  to  the 
observed  increase  in  /  We  examined  the  lack  of  proportionality 
between  F  and/by  empirical  tests  oft/  based  on  log-log  regression 
analysis  of  q  against  /!  and  by  linear  regression  analysis  of  F  on/ 
If  q  was  not  constant  in  the  bay  blue  crab  fisheries,  we  assumed 
that  the  effect  resulted  largely  from  the  saturation  of  static  capture 
gear  used  as  the  primary  means  of  harvest  (Rugolo  et  al..  this 
volume). 

To  test  the  hypothesis  that  q  was  inversely  related  to  nominal 
effort,  the  value  of  q  was  related  to/by  log-log  regression.  Using 
estimates  of  <7  =  F/f  derived  from  the  VIMS  trawl  survey-based  Fs 
for  1956  to  1995  (Fig.  34)  and  from  the  Calvert  Cliffs  survey- 
based  Fs  for  1968  to  1995  (Fig.  35).  q  exhibited  a  significant  (p  < 
.0001)  inverse  relationship  to  total  directed  fishing  effort.  The 
linear  regression  between  F  and  /  based  on  the  VIMS  survey  Fs 
(Fig.  36)  revealed  a  significantly  (p  <  .007)  negative  slope  indi- 
cating gear  saturation.  The  slope  estimates  from  the  linear  models 
using  the  MDNR  survey  Fs  (Fig.  37)  and  the  Calvert  Cliffs  survey 
Fs  (Fig.  38)  did  not  differ  significantly  from  zero.  Because  the 
slope  estimates  from  these  linear  models  were  either  negative  or 
did  not  differ  significantly  from  zero,  these  results  suggest  that 
fishing  mortality  on  Chesapeake  Bay  blue  crabs  has  been  de- 
coupled from  effort  over  the  range  of  /  examined  during  1956  to 
1995  as  a  result  of  gear  saturation  in  the  pot  and  trotline  fisheries. 

Results  of  this  analysis  indicated  that  q  has  not  remained  con- 
stant since  1956.  Rugolo  et  al.  (1997)  also  found  strikingly  similar 
results  of  the  nonproportionality  between  F  and /in  the  New  En- 
gland American  lobster  fisheries,  which  have  undergone  a  similar 
historical  rise  in /without  a  proportional  rise  in  F.  This  phenom- 
enon of  rapidly  declining  CPUE  coincident  with  an  initial  sharp 
rise  in  effort  followed  by  relatively  stable  CPUE  is  also  reported  in 
other  stationary  gear-based  fisheries,  such  as  the  longline  skipjack 
tuna  fishery  of  the  Pacific  Ocean  and  the  South  Australian  rock 
lobster  fishery.  The  nonproportionality  between  F  and /is  strong 
evidence  that  gear  saturation  is  operating  in  the  Bay's  blue  crab 
fisheries  insofar  as  historical  changes  in  stock  availability  or  abun- 
dance, or  in  gear  selectivity  are  not  applicable.  The  contemporary 
decline  in  fishing  performance  described  by  commercial  fishers  is 
detectable.  We  conclude  that  it  reflects  a  decline  in  the  catchability 
of  the  gear  rather  than  a  decline  in  the  status  of  the  fully  recruited 
stock  as  a  result  of  gear  saturation  and  gear  competition.  Catch  per 
unit  effort  in  the  baywide  combined  blue  crab  fisheries  has  re- 
mained relatively  constant  since  1970  (Fig.  15). 

The  economic  implications  of  this  finding  of  gear  saturation  are 
profound.  Because  current  tlshing  mortality  on  blue  crab  seems 
largely  independent  of  changes  in  fishing  effort  over  the  range  of 
effort  examined,  significant  reductions  in  total  effort  would  be 
required  to  realize  marked  increases  in  CPUE  or  in  %MSP  or  to 
decrease  F.  At  a  minimum,  a  proportional  change  in  these  mea- 
sures should  not  be  expected  by  a  specific  reduction  in  directed 
effort.  Significant  improvements  in  these  measures  are  unlikely  to 
occur  until  total  directed  effort  is  approximately  the  level  that 
existed  in  the  mid-1950s.  Current  evidence  suggests  that  the 
Chesapeake  Bay  blue  crab  fishing  industry  is  severely  overcapi- 
talized in  terms  of  the  quantity  of  gear  applied  to  the  harvest.  The 
combined  fisheries  are  operating  at  extremely  low  levels  of  eco- 
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nomic  efficiency,  with  a  relatively  constant  harvest  divided  into 
increasing  numbers  of  gear  units. 

CONCLUSIONS 

In  this  research,  blue  crab  vital  rates  and  life  history  character- 
istics necessary  to  conduct  an  analytical  stock  assessment  were 
described.  In  all  instances  where  rates  or  parameters  were  esti- 
mated that  would  influence  the  assessment  findings,  and  where 
empirical  evidence  couldn't  guide  selection  among  available  op- 
tions, we  adopted  a  risk  averse  approach.  Most  notably,  we  used 
this  approach  in  selection  of  the  theoretical  maximum  age  and 
spawning  activity  schedule.  Individually,  the  selection  of  a  maxi- 
mum life  span  of  8  y  or  the  lifetime  spawning  activity  schedule 
described  as  Dome-2  operate  to  lower  the  threshold  biological 
reference  point  F,,,,,,.  Collectively,  they  result  in  a  dramatically 
lower  reference  value  than  would  be  derived  under  conventional 
assumptions  of  longevity  of  3  y  and  the  rapid  decline  in  spawning 
activity  after  first  spawning.  Formulating  the  assessment  in  this 
manner  resulted  in  increased  sensitivity  to  the  finding  of  a  stock 
demise  and  recruitment  overfishing,  because  the  gap  between  cur- 
rent F  and  the  overfishing  definition  was  narrowed. 

Historical  and  contemporary  fishery-independent  research  sur- 
veys spanning  the  last  5  decades  indicated  that  current  spawning 
stock  biomass  was  at  moderate  levels  as  compared  to  historical 
maxima.  The  stock  seemed  to  be  maintaining  total  and  spawning 
stock  biomass  at  or  near  long-term  averages  measured  since  1956. 
We  found  no  evidence  of  a  persistent  stock  decline.  The  decade  of 
the  1980s  was  a  period  of  above  average  abundance;  the  popula- 
tion has  modulated  to  approximate  long-term  average  abundance 
levels  since  that  time.  At  the  current  fishing  rate  (F  =  0.9-1.0), 
%MSP  in  the  stock  exceeds  the  10"^  target  level  established  for  the 
stock.  There  is  no  evidence  of  a  systematic  or  recent  increase  in 
fishing  mortality  to  unprecedented  levels.  The  combined  baywide 
fisheries  have  exploited  this  resource  at  levels  deemed  appropriate 
for  the  species — that  is,  30^5'^  for  peeler/soft  crab  and  43-55% 
for  hard  crab.  The  stock  is  exhibiting  dynamic  equilibrium,  with 
variable  abundance  as  expected  in  an  r-selected  species.  Recruit- 
ment has  been  variable  since  the  1950s  and  is  presently  at  average 
levels. 

Compelling  evidence  for  the  increase  in  stock  abundance  in  the 
1980s  was  demonstrated  by  the  change  in  relative  abundance  in  the 
exploitable  stock  measured  by  the  Calvert  Cliff  fisheries- 
independent  research  survey  and  the  commercial  Potomac  River 
landings.  The  VIMS  and  MDNR  trawl  survey  programs  also  re- 
vealed above  average  exploitable  stock  abundance  in  the  1980s. 
The  Chesapeake  Bay  blue  crab  stock  seemed  to  be  varying  without 
trend  during  the  last  5  decades,  with  an  expected  degree  of  inter- 
annual  variability  considering  its  short  life  span,  life  history  char- 
acteristics, and  reproductive  strategy. 

For  the  baywide  cominercial  fishery,  no  contemporary  ( 1970  to 
1995)  decline  in  CPUE  has  occurred  following  the  initial  expo- 
nential decline  from  1947  to  late- 1960s.  Baywide  CPUE  remained 
relatively  stable  thereafter.  The  stock  is  supporting  the  taking  of 
near  maximum  sustainable  yield  in  the  long-term;  no  evidence  of 
the  effects  of  fishing  on  the  ability  of  the  stock  to  replace  itself  or 
to  provide  historical  average  yields  was  observed.  There  has  been 
no  demonstrable  decrease  in  spawning  stock  biomass  or  in  recruit- 
ment success.  In  customary  stock  assessment  terminology,  we 
judged  the  Chesapeake  Bay  blue  crab  stock  to  be  inoderawiy  to 
fully  exploiiccl  <il  average  levels  nj  ahiiiulcince. 


Fishing  mortality  rates  and  annual  exploitation  rates  were  es- 
timated for  1956  to  1995.  Relative  exploitation  has  been  noisy 
showing  no  persistent  increases  that  would  be  consistent  with 
overfishing.  Absolute  exploitation  rates  derived  for  the  hard  and 
peeler/soft  components  of  the  fishery  ranged  principally  between 
30-45%  for  peeler/soft  crabs  and  40-55%  for  hard  crabs.  Fishing 
mortality  rates  (F)  on  the  combined  stock  have  varied  principally 
between  0.8-1.0  since  1956.  Current  fishing  mortality  rate  was 
below  the  threshold  reference  level  of  Fk,,.  =  1.21  considered 
suitable  for  this  fishery  resource  and  has  varied  within  approxi-^ 
mately  20%-  of  the  long-term  mean  over  the  last  4  decades.  The 
baywide  stock  has  maintained  both  total  stock  and  spawning  stock 
biomass  over  the  long-term.  Because  recent  fishing  mortality  rates 
have  been  below  the  Fi,,,^^  threshold,  exploitation  has  not  under- 
mined total  stock  biomass.  CuiTent  rates  of  fishing  mortality  have 
been  supported  by  this  stock  for  40  y.  indicating  that  the  current 
level  of  fishing  mortality  is  not  detrimental  to  stock  persistence. 
Our  findings  suggest  that  the  fishery  has  been  taking  a  fairly  con- 
sistent fraction  of  the  stock  since  1 956. 

Given  that  the  stock  seems  to  be  biologically  stable,  issues 
remain  regarding  the  health  of  the  fishery.  The  dramatic  rise  in 
directed  effort  since  1945,  with  the  accompanying  decline  in  fish- 
ing success,  would  normally  be  associated  with  an  increase  in 
fishing  mortality  rate.  This  was  not  demonstrated  by  the  assess- 
ment. Catchability  has  varied  with  effort  over  the  range  of  values 
observed  from  1956  to  1995.  This  would  imply  that  moderate 
reductions  in  fishing  effort  would  likely  not  result  in  a  proportional 
reduction  in  F  because  of  the  decoupling  of  F  and /from  noncon- 
stant  If.  A  possible  explanation  for  the  observed  phenomenon  of 
hyperdepletion  in  the  blue  crab  fisheries  relates  to  the  primary 
capture  gears.  Crab  pots  and  trotlines  are  static  gears  relying  on  the 
target  organism  to  enter  or  hold  on  to  the  gear.  They  jointly  ac- 
count for  approximately  90%  of  the  baywide  blue  crab  landings, 
and  with  the  tremendous  increase  in  gear  fished  for  a  finite  re- 
.source,  the  effects  of  gear  saturation  and  gear  competition  are 
evident. 

We  suggest  that  the  blue  crab  fishery  is  severely  overcapital- 
ized in  terms  of  fishing  effort.  As  a  result  of  gear  saturation, 
marginal  decreases  in  fishing  effort  would  not  realize  proportional 
gains  in  either  CPUE,  %MSP,  or  YPR.  The  stock  is  strictly 
growth-overfished  and,  as  a  result  of  nonconstant  (/,  substantial 
economic  displacement  would  be  required  to  decrease  current  F  by 
26%.  to  achieve  F^ax-  Increases  in  %jMSP  and  YPR  could  be 
realized  through  size  limit  measures,  along  with  regulating  the 
taking  of  mature  female  crabs,  without  the  considerable  displace- 
ment costs  associated  with  effort  reductions  alone. 

We  recommend  that  management  be  risk  averse  in  its  regula- 
toi7  decision  making.  Management  should  maintain  cunent  fish- 
ing mortality  rate  below  the  threshold  value  of  1.21.  This  strategy 
should  maintain  yield  under  current  slock  levels  and  patterns  of 
recruitment,  absent  environmental  catastrophe.  Management 
should  be  particularly  averse  to  increases  in  fishing  effort  that 
would  exacerbate  current  economic  inefficiencies,  or  to  permitting 
increases  in  gear  efficiency  (i.e.,  catchability).  The  latter  recom- 
mendation acknowledges  the  rather  delicate  and  poorly  understood 
interplay  between  F  and  /  in  the  contemporary  blue  crab  fishery. 
Management  should  he  proactive  in  its  considerations,  should  sta- 
bilize and  enhance  the  economic  viability  of  the  fishery,  and  should 
provide  protection  for  the  stock  through  maintenance  of  ^  10%'  MSP. 
It  should  consider  adopting  strategies  that  increase  yield  per 
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recruil  (e.g..  si/c  linul   inciL-ascs  on  both  sexes)  and  spawniiii; 
|iiiieniial  (e.y.,  liniiling  directed  fisheries  on  nialure  leiiiale  erabs), 

Kfcommcndations 

In  developing  this  assessment,  we  identified  research  and  in- 
formation needs  that  would  enhance  our  understanding  of  the  dy- 
namics of  the  resource  and  its  attendant  fisheries.  Rugoloet  al.  (1997) 
identify  research  that  can  be  pursued  or  information  that  must  be 
gathered  to  refine  key  component  analyses  of  the  assessment.  We 
present  here  only  a  short  list  of  essential  areas  for  future  research. 

(1)  Develop  a  reliable  and  efficient  method  to  age  blue  crabs. 

(2)  Develop  refined  schedules  of  length  at  age  and  maturity  at 
age  given  Item  1 .  An  age-length  key  would  enable  devo- 
lution of  the  age  structure  from  survey  and  fishery  length 
frequency. 

(3)  Stage  harvest  by  length  or  age.  thus  allowing  for  the  de- 
velopment of  a  catch  at  age  matrix  to  be  used  in  alternative 
assessment  approaches. 

(4)  Develop  a  baywide  tagging  study  to  provide  information 
on  growth,  natural  mortality,  longevity,  fishing  mortality, 
size  selecti\ity.  catchability.  reporting  rates,  and  harvest 
distribution. 

(5)  Estimate  catchability  by  size  category  and  se.\  for  all  prin- 
cipal gear  types  in  the  fishery. 


(6)  Estimate  recreational  fishing  effort,  participation,  and  har- 
vest for  the  baywide  recreational  fishery. 

(7)  For  all  segments  of  the  baywide  fishery,  improve  informa- 
tion on  the  magnitude  of  the  catch,  directed  effort,  discard 
losses,  and  the  biological  characterization  of  the  catch  (par- 
ticularly the  peeler/soft  crab  fishery).  Estimate  under- 
reporting inherent  in  commercial  and  recreational  harvest 
data. 
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Erratum 

Rugolo,  L.  J.,  Knotts,  K.  S.,  Lange.  A.  M.  ( 1998)  Historical  profile  of  the  Chesapeake  Bay  Blue  Crab  (Callinectcs  sapidus  Rathhuni 
fishery.  /  Shellfish  Res.  l7(2):383-394. 

The  author  would  like  to  make  the  following  corrections: 

p.  I,  Abstract  section: 

line  12,  389'f  should  read  Al% 

line  13.  should  read  '".  .  .  Scrapes  and  pound  nets  contributed  <\%  of  the  total  since  1981." 

line  15,  10  should  read  13 

line  16,  19  should  read  20:  1984  should  read  1985;  '21  to  35"  should  read  "10  to  17' 

line  17,  'increase  in  1945"  should  read  'increase  since  1945' 

p.  1,  column  1.  \mc  18,  'most  commercial"  should  read  'most  important  commercial" 

p.  2,  column  1.  line  35,  1980s  should  read  1980 
column  2,  line  6,  were  should  read  are 

line  19,  fisheries  should  read  fishers 
line  31,  20%  should  read  25% 

p.  6,  column  2.  the  word  "blue"  should  be  deleted  from  the  first  line  of  the  Figure  4  legend. 

p.  7.  Figure  5  legend,  line  2  should  read  "lO"  kg,  and  127+  mm  carapace  width  Calvert" 
line  3.  delete  'the  time  periods' 
column  1.  line  10.  10.5  should  read  12.9 

line  11.  19.1  should  read  19.6,  1984  should  read  1985 
line  13,  9.5  to  15.9  should  read  10.2  to  17.1 

column  2.  line  21,  389'f  should  read  47% 

line  36,  should  read,  "resolved  to  accurately  reflect  effective  effort  in  the  fishery." 

p.  10,  coluiTin  1,  line  31,  pound  should  be  kg 
line  32,  pound  should  be  kg 

column  2.  line  14,  post  should  be  pose 

p.  II,  column  1,  line  5,  10  to  19  should  be  12.9  to  19.6 

line  6.  1984  should  be  1985.  10  should  be  10.2 
line  7,  21  to  35  should  be  10.2  to  17.1 

column  2.  line  16.  1982  and  1992  should  be  1982  to  1992 

TABLE  4. 

Commercial  harvest  (10**  kg)  of  female  blue  crabs  baywide  and  in 

Maryland;  harvest  (10''  kg)  of  mixed  market  category  in  Maryland; 

and  CPUE  in  the  Maryland  pot  (mean  kg/pot/mo)  and  trotline 

(mean  kg/trotline-li/mo)  fisheries. 


Baywide 

Maryland 

Pot 

Trotline 

Year 

Female 

Female 

Mixed 

CPUE 

CPUE 

1982 

5.57 

4.99 

4.99 

12.89 

10.20 

1983 

10.16 

6.35 

4.08 

14.89 

13.35 

1984 

8.48 

6.35 

3.63 

16.41 

16.08 

1985 

10.29 

8.16 

3.63 

19.59 

17.05 

1986 

6.34 

5.44 

3.17 

16.58 

13.62 

1987 

6.44 

4.99 

2.27 

13.86 

14.03 

1988 

8.98 

5.44 

2.72 

14.18 

13.10 

1989 

7.75 

4.99 

3.63 

12.99 

13.43 

1990 

9.12 

5.44 

3.63 

15.90 

14.74 

1991 

5.62 

5.44 

3.17 

15.45 

16.40 

1992 

4.76 

4.54 

1.81 

10.65 

11.15 

1993 

10.20 

8.62 

3.17 

13.11 

14..W 

1994 

7.17 

7.71 

1.81 

10.24 

12.17 
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